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Four pavement sections were investigated using ground penetrating radar (GPR) 
and Ultrasonic Surface Wave (USW). The objective of this research was to compare the 
effectiveness of two non-destructive geophysical tools, GPR and the PSPA, in assessing 
the condition of the pavements, composed of different construction materials. The GPR 
data were acquired using a 1.5 GHz antenna along five traverses spaced at two ft. 
intervals approximately 1000 ft. long. On the other hand, the PSPA data were acquired at 
the stations spaced at 1000 ft. along the five GPR traverses. Core samples were collected 
at each site to constrain the interpretation of the acquired geophysical data. The sites 
include section US 63 about three miles north of Rolla, US 54 in Camdenton County, 
MO 179 in Jefferson City, and HWY U in Dent County. The types of pavement in these 
sites were, asphalt concrete overlaying portland cement concrete (AC/PCC), and full-
depth asphalt concrete (AC) pavements or full depth bituminous mix (BM). 
Based on the acquired and analyzed data of the GPR and PSPA, the data of both 
tools correlated reasonably well. The PSPA technique successfully measured the elastic 
modulus and the thickness of pavement and detected horizontal flaws (e.g. debonding and 
delaminations). Similarly, the GPR technique successfully measured the thickness of 
pavement and detected horizontal flaws (e.g. debonding and delaminations) within the 
pavement. The research demonstrated that both non-destructive geophysical tools (GPR 
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Pavement deterioration is a significant problem that must be addressed to preserve 
highway infrastructure investments in highways in the United State and around the world. 
Accurately evaluating the condition of pavement over time and using this information to 
choose appropriate maintenance techniques is critical in terms of the responsible 
maintenance of roadways. Non-destructive geophysical tools such as GPR and the USW 
can significantly improve assessing the condition of pavements, made of different 
construction materials, especially if constrained by core control. 
This work demonstrated some applications of GPR and USW techniques in 
assessing pavement. Four pavement sites along the highway network of Missouri were 
investigated (Figure 1.1) by comparing the effectiveness of two non-destructive 
geophysical tools, GPR and the USW in evaluating the condition of pavements, 
comprised of various construction materials. All ground penetrating radar data were 
acquired with 1.5 GHz. antenna in monostatic mode (transmitter/receiver housed in a 
single case), while ultrasonic surface wave data were acquired using the portable seismic 
property analyzer (PSPA) tool. However, the GPR data were acquired using 1.5 GHz 
antenna along five traverses spaced at two feet intervals at each segment of roadway. The 
GPR data was processed using RADAN (6.5 and 7) software. Interfaces between layers 
(Asphalt overlaid with asphalt, asphalt over concrete or concrete over concrete) mapped 
in all recorded GPR profiles of whole pavement sections to generate amplitude and Depth 
maps that help the determination of deteriorated areas in the pavement. In the case of the 





The USW data did not require processing. The operating principle of the PSPA is 
dependent upon the generation and detection of stress waves in a medium. The Ultrasonic 
Surface Wave (USW) interpretation method, implemented in the Spa Manager software 
in the PSPA computer, is used to determine the modulus of the material. 
The applications of GPR and USW techniques to evaluate pavement, show the 
advantages and limitations of the techniques. The applications included: the GPR 
technique successfully measuring the thickness of pavement, detecting horizontal flaws 
(e.g. debonding and delaminations) within the pavement, and measuring the elastic 




Figure 1.1. Study site locations (four segments of roadway are project level, and each 
segment of road is approximately 1000 ft.). (1) US 63 north of Rolla; (2) US 54 






2. OVERVIEW OF PAVEMENT 
 
2.1. PAVEMENT DESIGN 
The goal of pavement design is to provide and offer the most cost-effective 
pavement structure for a roadway while enhancing the level of service provided to road 
users. An acceptable design requires a deliberation of environmental conditions, 
availability of materials, material characteristics, and traffic conditions. 
Pavement design should embrace concern funding constraints and a 
comprehensive economic analysis to determine the pavement structure for a particular 
location. Accounts for rehabilitation needs and treatments, pavement performance, and 
forecasts of future maintenance costs should be precisely determined by these analyses 
(Lenz, 2011). 
The most widely used pavement design method in the United States is the 
American Association of State Highway and Transportation Officials (AASHTO) Guide 
for Design of Pavement Structures. According to AASHTO Guide for Design of 
Pavement Structures (1993), a long history of pavement studies has led to the current 
edition. 
2.1.1. Pre-Road Test Design Methods. In the 1920’s, depending on experience, 
the design of pavement was attained mainly by “Rule-of-Thumb” or by “Precedent.” 
2.1.2. Road Test Designs. The term from the mid-1940s can be defined as the 
term of Road Test Design Methodology. Throughout this stage, highway engineers 





performance with the objective of developing data showing how pavement condition 
differs over time for varied situations. 
2.1.3. Mechanistic-Empirical Methods. These procedures rely on mechanics of 
materials equations that pertains an input, for example, a wheel weight to an output or 
pavement reaction (e.g. strain, stress or deformation). Pavement design needs to embrace 
laboratory testing to offer connections concerning loading and failure. Empirical design 
procedures normally refer detected field performance to design variables like a road test. 
In this method, the theory and physical testing are combined with the detected 
performance to design the pavement structure. 
2.1.4. AASHO Design Guide – 1986. Since 1972, extensive modifications have 
been made to the design guide to include more necessary notions and extend the 
relevance of the design process. These modifications comprise: 
1. The addition of design reliability. 
2. Drainage has been included through recognition of the impact of drainage 
on performance and suitable adjustments to material properties. 
3. Replacement of Soil Support Value and the modulus of subgrade reaction 
with the Modulus of Resilience for both flexible and rigid pavements. 
4. Load transfer can be designed for in rigid pavements. 
5. The use of resilient Modulus testing to select layer coefficients for flexible 
pavements. 






7. The improved environmental design has been included for frost heave, 
swelling soils, and thaw weakening. 
Pavement designs consist of two tasks: (1) mixture or materials design and (2) 
structure or thickness design. These two tasks cannot be easily divided into the design 
phase; there should be contact between the tasks. Qualifications are the connection 
between mixtures and thickness design (Lenz, 2011). 
According to Missouri Department of Transportation (MoDOT), there are four 
main types of pavement designs used in Missouri: 
 Full-Depth Hot Mix Asphalt (HMA) 
 Conventional Hot Mix Asphalt (HMA) overlay 
 Jointed Plain Concrete Pavement (JPCP) 
 Unbonded Jointed Plain Concrete Pavement (JPCP) overlay 
 
2.2. PAVEMENT TYPES 
Rigid and flexible are typically the two classified groups of hard surfaced 
pavement types. Rigid pavements consist of a PCC surface course, significantly harder 
than flexible pavements because of the high modulus of elasticity of the PCC material, 
and can have reinforcing steel. In a different manner, bituminous (or asphalt) materials 
are the surface of flexible pavements. These can be either in the form of pavement 
surface maintenance such as a bituminous surface treatment (BST) or hot mix asphalt 
(HMA) surface options commonly used on higher volume roads. This type of pavement 





loads. Several layers of materials that can hold this flexing are commonly the 
composition of the flexible pavement (Baker and Mahoney, 2000). 
Each of these pavement types places and dispenses loads on top of the subgrade in 
a diverse way. Rigid pavement serves to distribute the load over a vast area of subgrade 
(Figure 2.1). The concrete slab itself provisions most of a rigid pavement’s structural 
ability. Flexible pavement uses the additional flexible surface course and spreads loads 
over a less area. It depends upon a group of layers for spreading the load to the subgrade 




Figure 2.1. Rigid and Flexible Pavement Load Distribution. 
 
Pavement type is usually selected either by economics and/or policy by state 
highway agencies. Every 10 to 15 years, flexible pavements need some maintenance. 
Rigid pavements, instead, can regularly function 20 to 40 years with slight or no 





where traffic fully crowds the roads. Nevertheless, there are trade-offs. For instance, 
when a flexible pavement needs large rehabilitation, the preferences are usually quicker 
to achieve and inexpensive compared with rigid pavements (Muench, Mahoney, and 
Pierce, 2003). 
Missouri Pavement types are: 
 Portland Cement Concrete (PCC)  
 Asphalt Concrete (AC) overlaid PCC  
 Full-depth AC  
 AC overlaid AC 
 
2.3. PAVEMENT FUNCTIONS 
The primary purposes of a pavement are to give acceptable surface friction, offer 
a smooth riding surface, grant waterproofing, and guard the subgrade. The Factors that 
affect the performance of a pavement are moisture, traffic, subgrade, maintenance, and 
construction quality (Adlinge and Gupta, 2013). 
 
2.4. PAVEMENT DETERIORATION  
Pavement deterioration is a permanent deformation of any part of the pavement 
structure. It can also be defined as the process by which distress progresses in the 
pavement under the combined effects of traffic loading and environmental conditions. 
According to Adlinge and Gupta (2013), the four main types of ordinary asphalt 
pavement surface distresses are: 






3. Surface Defects 
4. Disintegration 
 2.4.1. Surface Deformation: If the layers of pavement encountered a movement, 
then a weakness across one or more of these layers will occur. Pavement deformation is 
the result of this weakness and may become associated with cracking. A traffic risk can 
happen from surface distortions. 






 2.4.2. Cracking: The most commonplace sorts of cracking are: 
1. Edge Cracking 
2. Reflective Cracking 
3. Slippage Cracking 
4. Longitudinal Cracking 
5. Transverse Cracking 
6. Block Cracking 
7. Fatigue Cracking 









 2.4.4. Disintegration: Disintegration is damage in pavement due to the 
progressive fracturing of pavement into small, free pieces that may result in complete 
reconstruction of the pavement if the disintegration is not fixed in its initial phases.  




2.5. CAUSES OF PAVEMENT DETERIORATION 
1. Fluctuation in temperature and expansive soils provokes pavement to expand and 
shrink. Temperature Instability leads to bleeding and cracking. 
2. Poor clayey subgrade results in wrinkles at the surface and extends in roughness. 
3. Poor shoulders lead to brink collapse. 
4. Poor drainage conditions: when it rains or floods above the pavement, water goes 
into the cracks and over time gradually remove the fines of the sub-grade. This 
creates flimsy, unstable, and baseless pavement. 
5. The abrupt upsurge in traffic loading. 
 
2.6. CONDITION RATING ASSESSMENTS 
Methods that can determine pavement conditions are:  





2. Surface Friction 
3. Surface Condition 
4. Structural Capacity 
The highest level of accuracy that is provided by one of the four mentioned 
methods will often require the highest concerning money, time, and effort for all 
condition evaluation procedures. 
 
2.7. HISTORY APPROACHES TO EVALUATE PAVEMENTS 
Pavement design and evaluation methods for rigid and flexible pavements were 
established from numerous performance studies, theories, and tests beginning in 1926 for 
rigid pavements and 1947 for flexible pavements using actual aircraft loadings. The 
procedures that resulted from the study of these tests were used to design and evaluate 
several hundred pavements and are documented in many reports. The first generation 
evaluations depended on direct sampling of pavement layers (Grau and Alexander, 1994). 
Funded by the Army, Air Force, and Federal Aviation Administration (FAA), the 
nondestructive test procedures for the assessment of pavement have been advanced 
through years of research. In the mid-1950's, vibratory testing of pavements began in 
search of NDT procedures. Methods for evaluating the load-carrying capacity of 
pavements during the 1950's and 1960's, requiring direct sampling techniques, were both 
costly and time-consuming. Direct sampling required the closing of a pavement facility to 
traffic operations. With vast increases in traffic operations, closing a pavement facility, 
even for a short time, could result in the suspension of an assignment and higher costs 





These concerns dictated the need for test equipment, data collection techniques, 
and evaluation methods to fulfill the requirement for a fast NDT technique for assessing 
the load-carrying capacity of pavements with less of a disturbance to regular operations 
(Grau and Alexander, 1994). 
During 1969-1970, the test sections of the full-scale multiple-wheel heavy gear 
load study were used to validate the pavement performance to deflection. Based on 
obtainable data from a study to improve a workable nondestructive evaluation procedure 
for airport pavements conducted in 1972 and sponsored by FAA, the use of the DSM-
pavement performance method was selected as the most applicable procedure to be 
developed at that time. Increasing the acceptance and convenience of NDT steered to the 
general use of many NDT devices and procedures to assess the load-carrying ability of 
pavements for air carrier and highway pavements in the late 1970's. 
In the early 1980's, the Army funded a project to improve a DSM procedure for 
evaluating roads and streets based on NDT results for a small vibratory device, the Road 
Rater. 
In 1984, the procedure was published and used by the Army. NDT was completed 
at about 150 FAA airports between 1970 and 1985 and 48 Army airfields were assessed 
between 1982 and 1987. 
In 1986, a layered elastic pavement evaluation procedure was presented to the 
Navy. The procedure, using NDT results from a falling weight deflectometer (FWD), was 
accepted for use by the Air Force in 1986 and was used for Army airfield assessments 
(Grau and Alexander, 1994). On the part of the engineering geophysical community, 





technologies that support and help the design and construction requirements of 
transportation projects. The application and use of geophysics for shallow investigations 
is comparatively new.  
Over the past 15 years, the augmented requirement to diminish risk for the design 
and construction of engineered structures has dictated improved equipment and data 
processing software, as well as added educational opportunities, to successfully make 
geophysical technologies obtainable (Sirles, 2006). 
The appearance of non-destructive testing (NDT) technology is even more 
contemporary. It has become the standard practice in the transportation industry only for 
the past 13 to 15 years. It is important to distinguish between the terms “geophysics” and 
“NDT.” NDT uses many of the physical principles used in geophysics; however, it is the 
application of the technology that parts the two. NDT is used to image and assess 
engineered structures such as pavement, bridges, and walls (Sirles, 2006). 
The Missouri highway system covers about 71,000 lane-miles of pavement. The 
types of roads vary from low-volume rural collector roads to multi-lane, high volume 
urban interstates. In general, there are three basic types of pavement in Missouri highway 
system. These types include portland cement concrete (PCC), asphalt concrete over 
portland cement concrete (AC/PCC pavements), and full-depth AC pavements. The 
highway system is divided into three functional categories in the Missouri Long Range 
Transportation Direction (LRTD): the National Highway System (NHS), remaining 
arterials, and collectors (Missouri, 2002). These groups show variety levels of functional 
importance that need different levels of rehabilitation and maintenance effort (Figure 2.2) 





mostly portland cement concrete (PCC), or PCC overlaid with asphalt concrete (AC) 




Figure 2.2. The sketch shows what makes up the Missouri state highway system. 
(Missouri, 2002). 
 
The percentage of AC/PCC may be higher and the full-depth AC lower because 
of uncertainty about the historical records for some full-depth AC pavements. The whole 
interstate system initially paved with PCC, except for few short stretches on I-44 (Figure 
2.3 A). However, the remaining arterials are about 10,394 miles of the Missouri highway 
system. They are comprised of about 75 percent full-depth AC. The rest evenly split 
between bare and overlaid PCC. The percentage of AC/PCC may be higher and full-





AC pavements (Figure 2.3 B). Collectors that serve smaller towns and traffic generators 
that are not on arterial routes occupy around 46,690 miles, and these routes are 
predominantly AC (Figure 2.3 C) (Missouri, 2002).  
Over time, pavement becomes more porous for a variety of reasons, including 
loading temperature stresses, vibration, and frequent alternation of freezing and thawing. 
Those reasons cause pavement to deteriorate. Deterioration can result in loss of strength 
and unsafe conditions. Therefore, it is important to have an understanding of the 
vulnerabilities of pavement structures to help minimize long-term repair and maintenance 
costs.  
Between 2008 and 2012, MODOT’s construction program has averaged $1.25 
billion each year. It will be $500 million per year between 2012 and 2016, an annual 
reduction of 60 percent. MODOT became focused on preserving the existing system’s 
assets and finding effective ways to maintain Missouri’s roads and bridges (Pavement 
Maintenance Direction 2012).  
Missouri S&T, in collaboration with MODOT, have acquired Ground Penetrating 
Radar (GPR) and Ultrasonic Surface Wave (USW) to demonstrate the utility of these 
technologies to measure and detect pavement thickness and horizontal flaws (e.g. 









Figure 2.3. Total mileage and percentage for the different pavements types across 
Missouri State. A) NHS pavement, type total lane-miles = 14,273. B) Remaining arterial 









3.1. GROUND PENETRATING RADAR 
GPR is an active geophysical technique, and it has been a common tool for 
identifying and defining subsurface geological features since the mid-1980s (Reynolds 
1997). Although a versatile and proven method, GPR is only one of several geophysical 
survey tools that can be used to identify and define subsurface geological features 
(Chamberlain et al., 2000). According to Reynolds 1997, these subsurface features such 
as geophysical anomaly-producing targets and lists trap structures for oil and gas, 
mineshafts, pipelines, ore deposits, cavities, groundwater, and buried rock valleys as 
specific examples. Subsurface cavities in areas of karst are often susceptible to ground 
surface subsidence that can pose a threat to new and existing development as well as the 
population that occupies the land (Doolittle et al. 1998). This technique can be used to 
find the depth to shallow bedrock, mapping lithology, archeological investigations, and 
bridge deck integrity studies. GPR technique has been used to assess integrity and 
thickness of pavement (asphalt & concrete). For concrete structures, GPR can be used to 
map the rebar and tendons as well as locate voids underneath slabs, or image all the way 
down into the native soil.  
Pavement GPR data were acquired using single cart-mounted high-frequency (1.5 
GHz) antenna operated in monostatic mode. In this project, ground-coupled pavement 
GPR data were acquired at low speeds (walking speed; typically three to five miles per 
hour) using a high-frequency antenna (1.5 GHz; 1500 MHz) antenna. A single cart-





across the pavement, a short burst (GPR pulse; little more than one wavelength in 
duration) of band-limited electromagnetic radiation was emitted at predetermined 




Figure 3.1. Simplified configuration of a GPR unit and operation and also showing the 
location of GPR traverses on the site. 
 
GPR antenna emits a short duration pulse (approximately one wavelength in 
duration) of radio wave frequency electromagnetic (EM) radiation at regular intervals as 
it is moved across the paved surface (Figure 3.2). EM radiation is emitted as light from a 
flashlight (Figure 3.2). The GPR pulse propagates into the subsurface with a velocity (V) 
that is a function of the speed of light in a vacuum (c) and the dielectric permittivity (Є) 
of the material through which it is passing. If the downward propagating pulse encounters 





often associated with moisture content in non-metals), some of the incident radiation will 
transmit, and some will reflect back to the antenna. The GPR antenna records both the 
arrival time (two-way travel time; TWTT) and the magnitude of these reflected pulses 
(Figure 3.2). The depth to the reflector can be estimated if the velocity with which the 




Figure 3.2. GPR basic concept. 
 
Pavement GPR data are normally acquired with the objective of mapping 
variations in the amplitude of the reflections from the pavement layers and variations in 
the apparent thickness of the pavement layers. In areas where the shallow bituminous mix 
(BM) and/or portland cement concrete (PCC) has deteriorated, the GPR images of the 





apparent embedment depths. Saline moisture in deteriorated BM and PCC increases 
signal attenuation and decreases GPR pulse velocity. If there is no moisture within the 
deteriorated pavement, these characteristic signatures may not be present. 
This interpretive approach normally works very well if the pavement layers are 
uniformly thick. However, if the layer thicknesses vary, care must be taken not to 
misinterpret the effects of apparent variable thickness and associated variations in 
amplitude as indicative of changes in the condition of the pavement. 
The GPR pulse propagates away from the shielded transmitter coil in the antenna 
and into the pavement (like visible light emanating from a flashlight). When the GPR 
pulse is incident on an interface separating materials with different electrical properties 
(dielectric permittivity), some of the incident energy are reflected back towards the 
receiver coil housed in the antenna. Typical pavement reflectors include the tops and 
bases of bituminous mix (BM) layers, the tops and bases of Portland cement concrete 
(PCC) layers, embedded reinforcing steel and/or wire mesh, and (for lower-frequency 
antennae) the tops and bases of other underlying pavement layers. 
The arrival times and the magnitudes of all reflected GPR energy (within a preset 
time window) are recorded as a single trace each time a pulse is discharged. The time 
window is set such that reflections can be recorded from the base of the lowermost target. 
Higher-frequency antenna can normally be used to image the base of BM and PCC 
layers. Lower-frequency antenna can normally be used to image the tops and bases of 







3.2. GROUND PENETRATING RADAR DATA ACQUISITION  
Data were acquired using 1.5 GHz antenna along five traverses spaced at 2 ft. 
intervals (Figure 3.1) at each segment of roadway.  
 
3.3. GROUND PENETRATING RADAR DATA PROCESSING 
Data were processed using RADAN (6.5 and 7) software. Interfaces between 
layers (Asphalt overlay with asphalt, asphalt over concrete or concrete over concrete) 
were mapped in all recorded GPR profiles of whole pavement sections to generate 
amplitude maps that help determination of deteriorated areas in the pavement. 
 
3.4. CONSIDERATIONS AND LIMITATIONS OF THE GROUND 
PENETRATING RADAR TECHNIQUE: IMAGING AND ASSESSING IN 
PAVEMENT 
The GPR technique is non-invasive and often more cost-effective (cost versus 
resolution) than other subsurface techniques. However, using another geophysical tool 
such as USW and core samples is often essential to effectively constrain and verify GPR 
data interpretations. 
The automated electromagnetic system, in which the instrument automatically 
records the data while the coupled antenna is moving on the pavement through the 
required settings, makes electromagnetic surveys more efficient, allows much more 
data to be obtained, and results in better interpretation. However, the applicability is 
controlled by many factors, such as site conditions, crew experience and size, data 
processing and interpretation time. The summary of considerations and limitations 













typical deliverable  
The typical deliverable of a high-frequency (> 1000 Hz) ground-coupled 
ground-penetrating radar (GPR) survey across pavement is one or more 
interpreted 2-D GPR images (horizontal axis: distance; vertical axis: depth) 
of the pavement depicting various pavement layers, embedded rebar, 
debonded layers, etc.   
If a 1500 MHz antenna is employed, maximum realizable depths of 
investigation will be on the order of 1.5 feet. 
Utility of typical 
deliverable  
An interpreted 2-D GPR profile (2-D GPR image) acquired across pavement 
can be of significant utility to those engaged in highway construction and/or 
maintenance.  Interpretations of interest can include, but are not limited to, 
the mapping/identification of the following: 
• thickness of pavement layers (asphalt, concrete, base, typically to depths 
on the order of 1.5 feet) 
• variations in asphalt quality 
• variations in concrete quality 
• delaminations 
• debonding 
• moisture content of base 
• pattern, placement density of reinforcing steel  
 voids 
 location of buried utilities  
 depth to sub-grade 
 depth to top of rock 
Reliability of 
typical deliverable 
The 2-D GPR profiles with superposed interpretations will be most reliable 
if ground truth (boring control) is available to constrain and verify the 
geologic interpretation. In certain instances, real variations in pavement 
layer thicknesses can be misinterpreted as apparent variations in thickness 
and erroneously attributed to variations in pavement quality. 
Reproducibility of 
typical deliverable 
The electrical properties (dielectric permittivity) of pavement layers will 
vary slightly as the moisture content of the subsurface varies (seasonally; 
after rain; when frozen).  This will cause corresponding changes in the 
appearance of the output 2-D GPR profile.  However, in most situations, the 
resultant interpretation of the output 2-D conductivity profile will not 
change in any significant way.   
If good quality GPR field data are acquired and if ground truth is available, 






Ground-coupled GPR data are normally acquired at walking speeds using a 
wheeled push-cart.  GPS data can be acquired simultaneously, so that the 
locations at which GPR data were acquired can be determined with a high 





Table 3.1. Considerations and limitations of using the High-frequency Ground-Coupled 










Table 3.1. Considerations and limitations of using the High-frequency Ground-Coupled 




The GPR technique has its advantages and limitations. Generally, in the 
pavement, the GPR tool can be used to effectively map variations in the amplitude of the 
reflections from the pavement layers and variations in the apparent thickness of the 





cement concrete (PCC) deteriorated, the GPR images of the underlying reflectors 
characterized by anomalously low amplitudes and relatively high apparent embedment 
depths. Saline moisture in deteriorated BM and PCC increases signal attenuation and 
decreases GPR pulse velocity. If there is no moisture within the deteriorated pavement, 






















4. ULTRASONIC SURFACE WAVE (USW) 
 
The four pavement sites were investigated using the portable seismic property 
analyzer (PSPA) tool and the Ultrasonic Surface Wave (USW) data were acquired. The 
PSPA tool is shown in Figure 4.1. The PSPA tool is an automated ultrasonic seismic tool 
that is used to measure pavement thickness and elastic modulus and locate the presence 
of flaws in pavements (Nazarian, 1997). The equipment is made of the high-frequency 
acoustic source, and a pair of vertically polarized receivers assembled into the PSPA unit 
to perform and analyze seismic tests in the field on-the-fly (Baker, 1995). The spacing 
between the receivers and acoustic source can either be 6 in. or 4 in. depending on the 
desired depth of penetration, depth of the shallowest target and other project specific 
requirements. The Data box is connected to the field computer. The control of the system 
analysis and display of the data are done on the field computer. 
Whenever high-frequency waves propagated into the pavement by the acoustic 
source, ultrasonic surface waves (Raleigh waves) and compressional waves are 
generated. The USW data can be transformed and used to generate a plot of the change in 
the elastic modulus beneath the test location with depth. On the other hand, reverberating 
compressional wave: impact echo (IE) can be used to determine the thickness of 
pavement and identify flaws in pavement beneath the test location (Gucunski, 2008). This 
research focused on relating the values of elastic modulus obtained from the USW 









Figure 4.1. Photograph of the portable seismic property analyzer (PSPA). 
 
4.1. ULTRASONIC SURFACE WAVE (USW) ACQUISITION 
The acquisition of the Ultrasonic Surface Wave (USW) data on pavement is 
usually done at discrete locations and on the pre-designed grid. The nature of each project 
determines the spacing between each adjacent station in a grid. A typical PSPA grid is 2 
ft. by 100 ft., shown in Figure 4.2. The closer the grid spacing the better the control, and 
consequently, the greater the data acquisition cost. It typically takes between 20 and 40 
seconds to acquire a PSPA data at a station. As shown in the Figure 4.2, five PSPA data 
sets spaced at 2 feet were acquired perpendicular to the 100 feet offset along the 1000 
feet sections on the lane of the roadway. 
The automated nature of the PSPA tool means that certain assumptions of various 
physical properties of the pavement have to be made and entered into the unit during data 





obtained from the USW technique to determine the elastic moduli of the pavement at 
each station. Some of these properties include: 
 Material Type (only one can be selected) 
- Portland cement concrete (PCC): Density: 150 pcf, Poisson’s ratio: 0.18 
- Asphalt concrete (AC): Density: 135 pcf, Poisson’s ration: 0.3 
 Pavement condition (used for PCC pavement only: Fresh, Cured) 
- Density and Poisson's ratio values listed above will change slightly 
 Pavement condition (Good, Fair, Poor)  
- Density and Poisson's ratio values listed above will change slightly 
 Air temperature (only for AC: Hot, Mild, Cold)  
- Density and Poisson's ratio values listed above will change slightly 




Figure 4.2. A grid of a typical PSPA shows the layout of portable seismic property 






4.2. ULTRASONIC SURFACE WAVE (USW) DATA PROCESSING 
As stated earlier, the PSPA tool operates in IE and USW modes (Figure 4.3). 
However, for the purpose of this research, only the USW data results would be 
considered. Every PSPA record consists of both the USW and IE analysis displayed on 
the field computer as shown in Figure 4.4. The PSPA processing software is embedded in 
the field computer. The PSPA software automatically analyzes the field record of USW 
and transforms the travel time of the Raleigh waves to generate a phase velocity versus 
frequency plot of the surface waves. This phase velocity versus frequency plot is 
subsequently used to produce a 1-D plot of elastic modulus that extends from 2 in. to 
approximately 7 in. or from 3 in. to approximately 11 in., depending on the spacing 
between the receivers and acoustic source used in the test. An example of an automated 











Calculated elastic moduli (ksi) are plotted over the depth range tested (2 in. ~ 7 
in.); the average elastic modulus over this depth range is also plotted. The plotted elastic 
moduli range from 3400 ksi to 3820 ksi; the average elastic modulus is 3510 ksi. 
The automated processes of transforming the USW data into a 1-D elastic 
modulus versus depth model involves a set of assumptions that indirectly contribute to 
the limitations of the equipment. Some of these assumptions include: 
 The PSPA software assumes a constant and standard value of Poisson’s ratio 
depending on the operator-input pavement type, pavement condition, and air 
temperature (AC only). This assumption allows for the use of the measured “average” 
surface wave velocity to be transformed into a corresponding average compressional-
wave velocity using the Eq.(1), (Baker, 1995): 
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                                     (1) 
 
Where:    = Average compressional wave (P-wave) velocity over depth range tested 
    = Average surface wave (Rayleigh wave) velocity over depth range tested 
     = PSPA standard Poisson’s ratio for pavement type 
 
The significance of this assumption can be huge in PSPA survey especially in 
cases where the pavement being tested comprises of two different materials (such as PCC 
overlaid by AC). In this kind of scenario, the operator-input pavement type is normally 
that of the uppermost layer (AC in this case). The average surface wave velocity versus 










Figure 4.4. An example of an automated output of a PSPA test location was captured 
from the computer screen. 
 
 The PSPA software also assumes a constant and standard value of density 
depending on the pavement type (which could be either AC or PCC) the operator 
enters into the system, pavement condition, and air temperature (AC only). This 
assumption of constant density allows the transformation of the surface wave 
phase velocity data into an elastic modulus plot of the pavement with depth 
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Where:    = surface wave (Rayleigh wave) velocity 
ρ = PSPA standard density for operator-input of pavement type 
  = PSPA standard Poisson’s ratio for pavement type 
 
The significance of this assumption on the accuracy of the PSPA USW data is 
similar to that of constant Poisson’s ratio discussed previously. However, in this case, the 
operator inputs a pavement type typically that of the uppermost layer; the output elastic 
modulus values for the lower layer are therefore referred to as “apparent” elastic 
modulus. The impact of this assumption is mostly significant when the tested pavement is 
made up of two different materials (such as AC over PCC). In this case, the assigned 
elastic modulus values will only be reliable for the AC section of the pavement. The 
modulus values assigned to the underlying concrete are referred to as “apparent” modulus 
values. 
 The output plot of elastic modulus versus depth (as shown in Figure 4.4) extends 
from either approximately 2 in. to 7 in. or from approximately 3 in. to 11 in. 
depending upon the separation between the two receivers (either 4 in. or 6 in.) that 
the operator wishes to use. No matter the spacing of the receivers, elastic modulus 
values cannot be obtained at depths shallower than 2 in. and deeper than 11 in. 
 The output of the average elastic modulus for each test location is based on the 
average elastic modulus over the depth range tested (which is either ~2-7 in. or 





an absolute sense) if the pavement tested was constructed with more than one 
unique material (such as AC over PCC). 
 
4.3. TYPICAL ELASTIC MODULUS OF ASPHALT CONCRETE 
(AC)/BITUMINOUS MIX (BM) AND PORTLAND CEMENT CONCRETE (PCC) 
Tables 4.1 and 4.2 show the typical values of the different pavement materials. It 
can be observed from these two tables that there is a strong relationship between elastic 
modulus and pavement conditions. It can also be deduced from these tables that 
temperature affects the elastic modulus of Asphalt pavement and not Portable Cement 
Concrete (PCC) pavement. These two tables form the basis of the correlation of the 
acquired PSPA USW data with pavement conditions.  
 
Table 4.1. A representative elastic modulus of 28-day PCC (Source: 2011, Russel W. 
Lenz, Pavement Design Guide; Typical Values of Young’s Elastic Modulus and 
















Table 4.2. A representative elastic modulus of asphalt concrete. (AC; bituminous mix 
(BM)) (Source: 2012, Gudmarsson, Laboratory Seismic Testing of Asphalt Concrete; 
Typical Values of Young’s Elastic Modulus and Poisson’s Ratio for Pavement Materials, 




In the presentation of the results of the PSPA USW data: when the PSPA data was 
acquired at a location near where the core samples were taken, the PSPA USW results 
were presented as 1-D elastic modulus versus pavement thickness with accompanied 
average elastic modulus for the location. On the other hand, the results of the 2 ft. by 100 
ft. sections were presented as 2-D cross-section used to observe the vertical and lateral 
variations in the elastic modulus along the section as a function of deterioration (stripping 
and/or debonding) in the pavement. 
 
4.4. CONSIDERATIONS AND LIMITATIONS OF ULTRASONIC SURFACE 
WAVE (USW) TECHNIQUE: IMAGING AND ASSESSING IN PAVEMENT 
The USW technique is non-invasive, and often more cost-effective (cost 
versus resolution) than other subsurfaces techniques. However, using another 
geophysical tool such as GPR and core samples is often essential to effectively constrain 















Good ≥ 4000 ≥ 3000 ≥ 2000 ≥ 1000
Fair 3000-4000 2000-3000 1000-2000 500-1000
Poor 2000-3000 1000-2000 500-1000 300-500
Severely 
Deteriorated





The summary of considerations and limitations when using ultrasonic surface 
waves is shown in Table 4.3 (Anderson et al. 2015). 
 





















When the high-frequency acoustic source is discharged, ultrasonic surface waves 
(USW; more specifically, Rayleigh waves) and compressional waves are generated. The 
ultrasonic surface wave (USW) data are used to generate a 1-D plot of elastic modulus 
(Young’s modulus) versus depth for that test location. However, the applicability is 
controlled by many factors, such as site conditions, crew experience and size, data 
processing, and interpretation time. 
The USW technique has its advantages and limits. Generally, in pavement, the 
USW tool can be used effectively to measure the elastic modulus, locate flaws (e.g. 













5. PREVIOUS GEOPHYSICAL INVESTIGATION OF PAVEMENTS 
 
In the past few decades, the use of geophysical techniques (Non-Destructive 
Techniques NDT) methods have been growing in geotechnical and investigation site 
characterizations by state highway agencies to explain transportation-related problems. 
Also, depending on particular site conditions, e.g., geology, target dimensions, cultural 
interface, and the engineering problem to be explored, a combination of methods or 
techniques may be used in a given exploration. In other words, there is no one accurate 
interpretation to a set of geophysical data. Besides, some methods may be used to explain 
a particular engineering problem. A considerable volume of research has been published 
about the use of ground penetrating radar (GPR) and ultrasonic surface wave (USW) 
methods in pavement investigation. These techniques highlighted both the strengths and 
the weaknesses of using these methods individually and in combination. 
Numerous studies have been done and published the results of using GPR and 
PSPA in pavement investigations include: GPR’s abilities in the investigation of 
pavement transversal cracks (Krysiński and et al. 2013), Estimation of in-situ density and 
moisture content in HMA pavements based on GPR trace reflection amplitude using 
different frequencies (Plati and Loizos, 2013), Evaluation of the GPR frequency spectra 
in asphalt pavement assessment (Pedret Rodés and et al. 2015), Automatic detection of 
multiple pavement layers from GPR data (Lahouar and Al-Qadi, 2008), The assessment 
of the value of GPR imaging of flexible pavements (Gordon and et al. 1998), Application 
of ground-coupled GPR to pavement evaluation (Scullion and Texas Transportation 
Institute, 1997), A survey of developments in ultrasonic NDE of concrete (Popovics, & 





Backcalculation of Pavement Profiles from Spectral-Analysis-of-Surface-Waves Test by 
Neural Networks Using Individual Receiver Spacing Approach (Gucunski & Krstic, 
1996), Measuring layer thicknesses with GPR – Theory to Practice (AL-Qadi & Lahouar, 
2005), Evaluation of infiltration in layered pavements using surface GPR reflection 
techniques (Grote and et al. 2005), Indirect diagnosis of pavement structural damages 
using surface GPR reflection techniques (Benedetto & Pensa ,2007), Quantitative 
measurement of pavement structures using radar (Davis and et al. 1994), Multitarget 
detection/tracking for monostatic ground penetrating radar: application to pavement 
profiling (Spagnolini & Rampa 1999), Approach to Determining In Situ Dielectric 
Constant of Pavements: Development and Implementation at Interstate 81 in Virginia 
(Lahouar, 2002), A review of pavement assessment using ground penetrating radar 
(GPR) (Evans and et al. 2008), Condition Assessment of Transportation Infrastructure 
Using Ground-Penetrating Radar (Maser, 1996), Field observations and numerical 
models of GPR response from vertical pavement cracks (Diamanti & Redman ,2012), 
Portland Cement Concrete Pavement: Measuring Rebar Cover Depth in Rigid Pavements 
with Ground-Penetrating Radar (AL-Qadi & Lahouar, 2005), Accuracy of pavement 
thicknesses estimation using different ground penetrating radar analysis approaches 
(Loizos & Plati 2006), Continuous pavement profiling with ground-penetrating radar 
(Wu and et al. 2002), GPR monitoring of volumetric water content in soils applied to 
highway construction and maintenance (Grote and et al. 2002), A study of GPR vertical 
crack responses in pavement using field data and numerical modelling (Diamanti and et 
al.2010), Using ground-penetrating radar for assessing the structural needs of asphalt 





test sites ( Fauchard, 2003), Non-Destructive Testing Technologies Application of the 
Ground Penetrating Radar (GPR) to Perpetual Pavements (Walubita and et al. 2009), 
Automated pavement analysis in Missouri using ground penetrating radar (Cardimona 
and et al. 2003), The application of ground-penetrating radar in highway engineering 
(Black & Kopac, 1992), Advanced NDT methods for evaluating concrete bridges and 
other structures (Sack, 1995), Testing of concrete by ultrasonic-pulse technique (Jones & 
Gatfield, 1955), Application of new ultrasound and sound generation methods for testing 
concrete structures (Popovics and et al. 1999), Application of ultrasonic method in 
asphalt concrete testing for fatigue life estimation (Tigdemir and et al. 2004), State-of-
the-art non-destructive methods for diagnostic testing of building structures – anticipated 
development trends (Hola and Schabowicz, 2010), Evaluation of top-down cracks in 
asphalt pavements by using a self-calibrating ultrasonic technique (Khazanovich and et 
al. 2014), Characterization of ultrasonic Rayleigh surface waves in asphaltic concrete (In 
and et al. 2009), Ultrasonic tomography for evaluation of concrete pavements (Hoegh and 
et al. 2014), Application of ultrasonic methods in asphalt concrete testing (Sztukiewicz, 
1991), Ultrasonic technique for monitoring concrete strength gain at early age 
(Subramaniam and et al. 2002), Movable seismic pavement analyzer (Nazarian and et al. 
1997), Non-destructive testing of ultra-high performance fibre reinforced concrete 
(UHPFRC): A feasibility study for using ultrasonic and resonant frequency testing 
techniques (Hassan & Jones, 2012), Evaluation of Ultrasonic Technique for Detecting 
Delamination in Asphalt Pavements (Hoegh and et al. 2011), Nondestructive In-Place 
Strength Profiling of Concrete Pavements by Resonance Search Technique (Cho and et 





a state of the art (Goel & Das, 2007), Nondestructive Detection of Delamination in 
Concrete Slabs (Shokouhi and et al. 2011), Determination of Depth of Surface Cracks in 
Asphalt Pavements (Underwood and Kim, 2003), The Application of Ultrasonic Test 
Methods to the Determination of Elastic Moduli of Pavement Materials (Freeme, 1978), 
NDE methods for quality assurance of new pavement thickness (Maser and et al. 2006), 
Application of the portable pavement seismic analyser (PSPA) for pavement analysis 
(Steyn & Sadzik, 2007), Subsurface joint deterioration detection: A MnROAD blind test 
comparison of ultrasound array technology with conventional nondestructive methods 
(Hoegh and et al. 2012), and Void detection beneath reinforced concrete sections: The 
practical application of ground-penetrating radar and ultrasonic techniques (Cassidy and 
et al. 2011),  
(Missouri S&T and MODOT) acquired 2-D ground penetrating radar (GPR) 
profiles across selected streams and drainage ditches at ten bridge sites in the southeast 
and central Missouri to determine if GPR is an effective tool for monitoring bridge scour, 
and estimating the depths and breadths of in-filled (paleo) scour features (Anderson et al. 
2000). They concluded that the GPR tool can be used to accurately estimate water depths 
in shallow fluvial environments (maximum depths in study areas were less than 20 feet). 
The tool can also be used to monitor fluctuations in water depths over time, and to study 
depositional and erosional patterns. The GPR has certain advantages over alternate 
methods for estimating water depths. The GPR can provide continuous 2-D and/or 3-D 
images of the stream channel and the sub-water bottom sediment. Perhaps the most 
significant disadvantage of a GPR is that the tool does not work well in “clayey” 





state of Missouri to determine asphalt and concrete layer thickness every tenth mile and 
update historical information related to types of pavement that make up I-70 across 
Missouri (Hickman et al. 2001). The results of this study showed that GPR data can be a 
good tool for quality control in road construction and repair. 
(GDOT) conducted the GPR surveys to enhance their scientific investigation of 
archeological sites (Pomfret 2004). GPR data was acquired by (GDOT) to increase the 
effectiveness and accuracy of testing and mitigation phase of archeological projects by 
being able to precisely locate data-rich archeological features before subsurface 
excavation. After two years GDOT has successfully been able to utilize the GPR on some 
archeological site types in diverse environments. (Kim et al. 2007) conducted a ground 
penetrating radar (GPR) survey to inspect Bridge A-2138 in Franklin County, Missouri to 
determine whether the non-destructive, non-invasive GPR tool is an effective method for 
identifying and mapping zones of deterioration (corroded rebar and delamination) within 
bridge decks. The data were collected under different weather conditions (wet, dry, warm 
and cold) to assess the impact of these climatic conditions on the data quality and 
interpretability. The study results confirm that in the GPR tool. 
(Han et al. 2012) conducted a nondestructive test on typical roadway supports of a 
mine via drilling core and ground penetrating radar to investigate the influence of 
unfavorable geologic environments on supporting concrete and evaluate the real 
performance of roadway supports of a mine. For that purpose, seventeen typical projects 
were chosen, and the strength of supporting concrete was detected by the nondestructive 
drilling core method. The result showed that the strength is far less than the design value. 





(GPR) to evaluate the feasibility of the GPR in the performance investigation of the 
roadway supports of a mine. They concluded that the ground penetrating radar is capable 
























6. US 63 CASE STUDY 
 
6.1. LOCATION AND DESCRIPTION OF THE ROADWAY 
The site 1 (US 63) is located along the northbound lane of US Route 63, around 
three miles north of Rolla, MO (Figure 6.1). The pavement consists of approximately 3.5 
in. of bituminous mix (BM) overlay over an existing 8 in. PCC layer. No visual defects 
were documented during the investigation of US 63. The layer of the bituminous mix 
(~3.5 in.) had recently been overlaid on the pavement surface. Hence, the site appeared to 
be in excellent condition with a PASER rating of 9. The condition of the site is shown in 












Figure 6.2. Photograph of US 63, looking north. The BM layer was recently added that is 






6.2. CORE CONTROL  
The field investigation of site US 63 consisted of pavement coring within the 
northbound section of this site which is located approximately 3 miles north of Rolla, 
Missouri. The total of core samples collected throughout the site is eight (8) to depths of 
about 11.5 in. to 15.9 in. below existing grades. The coring locations were measured in 
the field from the existing edge of the northbound roadway and right angles were 
estimated. All core samples were split to evaluate the degree of stripping (Anderson et al. 
2015). Photograph shows the eight core samples and their locations on a plan view are 
presented in Figure 6.3.  
Field measurements of each coring location are included in Table 6.1. The 
measurements for each core sample location includes the core length, surface material, 
some pieces, bond conditions between layers, and stripping of BM layers. The locations 
of the samples should be considered accurate only to the degree implied by the means 
and methods used to define them. 
The pavement core samples were extracted with a truck-mounted rotary drill rig 
using continuous flight, solid-stemmed augers to advance the coring. The samples were 
obtained from US 63 site with a 4-inch diameter diamond whole saw concrete core-bit. 
Roadway base material and subgrade material samples were obtained as grab samples 
from the auger flights. The pavement core samples were sealed and transported to the 
laboratory for testing and classification (Anderson et al. 2015).  
The pavement conditions faced at each core sample location are presented in 
Table 6.2 (Anderson et al. 2015). The next depths are in reference to the present roadway 







Figure 6.3. Photographs of cores extracted from US 63 and their location on the plan 




Table 6.1. Coring Locations, the distance of each core from beginning and the distance 







Coring initially encountered an upper asphalt driving surface of 1.375 to 1.5 
inches in thickness. This driving surface was well bonded and had a low stripping 
potential. Below the driving surface, a second asphalt layer of 2 to 2.25 inches in 
thickness was encountered. This second asphalt layer was debonded, weak, and well 
bonded at varying locations and also exhibited low stripping potential. Below the second 
asphalt layer, portland cement concrete (PCC) of 7.75 to 9 inches in thickness was 
encountered. Based on these results of the core samples, the pavement conditions were 
generalized. 
 







BM1 1.5 N/R N/R N/R N/R
BM2 2 N/R N/R N/R N/R
Concrete 7.75 - - - -
BM1 1.5 N/R N/R N/R N/R
BM2 2.25 N/R N/R N/R N/R
Concrete 8 - - - -
BM1 1.375 Well 1400 Low 1100
BM2 2 Weak 250 Low 1712
Concrete 8.125 - - - -
BM1 1.375 Well 1430 Low 1101
BM2 2 Debonded N/R Low 180
Concrete 9 - - - -
BM1 1.375 Well 1305 Low 1769
BM2 2 Well 1534 Low 1125
Concrete 7.875 - - - -
BM1 1.375 Well 1033 Low 1239
BM2 2 Well 840 Low 2043
Concrete 9.125 - - - -
BM1 1.375 Well 1958 Low 1362
BM2 2 Debonded N/R Low 1977 psi
Concrete 8.125 - - - -
BM1 1.5 Well 1367 Low 1173
BM2 2 Well 1421 Low 2080




















6.3. GROUND PENETRATING RADAR DATA 
Five GPR parallel traverses spaced at 2 ft. intervals oriented south to north 
opposite to each other, were acquired in the north-bound lane of US 63 which is located 




Figure 6.4. Photograph of US 63 shows the GPR traverses and plan view map of the site. 
High frequency (1.5 GHz) GPR data were acquired five parallel traverses spaced 2 ft. 






The parameters that were used to acquire the GPR data were 512 samples/scan 
and 48 scans/ft. A dielectric permittivity 8.0 was used to convert reflection times to 
reflector depths. All the Site 1 GPR data (high-frequency) were acquired in less than four 
hours. The tested section consisted of two layers of the bituminous mix (BM) over 
portland cement concrete (PCC). Based on core control, the cores consisted of three 
layers: ~1.5 in. of upper BM; ~2 in. of underlying BM; and ~8.5 in. of base PCC (Figure 
6.3). At core locations 1, 2, 4 and 7 the BM/PCC contact was debonded (Figure 6.5). In 
contrast, the other five core locations that are 3, 5, 6 and 8, the BM/PCC contact was not 
debonded (Figure 6.6). The only core that showed visual evidence of chemical 




Figure 6.5. Shows the four core (core 1, 2, 4, and 7) locations that showed evidence in 







Figure 6.6. Shows the four core (cores 3, 5, 6, and 8) locations that do not show evidence 





The GPR data were acquired to determine the approximate thickness of the BM 
and PCC layers within the paved roadway, and to identify areas of possible pavement 
degradation. An example of GPR Data profile is shown in Figure 6.7. The base of the 
upper and lower bituminous layer can be differentiated. The base of PCC layer that 
represents the interface between the pavement section and the subbase was marked on the 
GPR profile. Typically, the thickness of the pavement obtained from the core sample was 




Figure 6.7. An example of GPR profile for US 63 site. The interpreted bases of upper and 
lower bituminous mix (BM) layers are marked in blue and green, respectively; the 
interpreted base of the portland cement concrete (PCC) layer is marked in yellow. 
 
 
Depth maps were generated from the GPR traverse for US 63 using the constant 
velocity to transform reflection times to reflector depths with a dielectric permittivity of 
eight. The maps include a thickness map to the base of the first BM layer, a thickness 






Figure 6.8. Depth map shows GPR-estimated “apparent” depth to the base of A) the upper layer of BM (BM1), B) the lower layer of 
BM (BM2), and C) the base of PCC. The GPR data were processed using a dielectric permittivity of 8.0. Horizontal solid black lines 









The core depths to each of the pavement layers were compared to the GPR-
estimated depths to each of the pavement layers for US 63, shown in Table 6.3 and 
Figure 6.9. From Table 6.3, all GPR-estimated depths to the base of the PCC and the 
corresponding core depths differ by 10% or less. These differences representing up to 
10% can be attributed to slight variations in the thickness of both the higher velocity BM 
layers and the lower velocity PCC, slight changes in the physical and chemical properties 
of the BM and PCC, and the use of a constant GPR pulse velocity. 
On the subject of the bonded and debonded cores (Figure 6.9), there does not 
appear to be a statistical correlation between the core thicknesses and GPR-estimated 
thicknesses. Nevertheless, at one core sample, there is a possible correlation between the 
core and GPR-estimated thickness and the visual appearance of the PCC. The core 
sample that shows a possible correlation between the core and GPR-estimated thickness 
and the visual appearance of the PCC is core 7. In addition, this core shows visual 
evidence of chemical degradation. The GPR-estimated depth to the base of the PCC is 
2.6% greater than the corresponding core depth. The rest of the core samples, the core 
depths to the base of the PCC are the same or greater than GPR-estimated depth. That can 
be explained by observing how the GPR pulse velocity of the PCC segment of core 7 is 
slightly lower than that of the PCC at the other cores. The uniform velocity was used to 
convert all GPR reflection times to reflector depths. That can explain why the GPR-


















Error (in) Error, %
Accuracy, 
%
1 1.5 1.45 -0.05 3.33 96.67
2 1.5 1.45 -0.05 3.33 96.67
3 1.38 1.35 -0.03 2.17 97.83
4 1.38 1.35 -0.03 2.17 97.83
5 1.38 1.35 -0.03 2.17 97.83
6 1.38 1.35 -0.03 2.17 97.83
7 1.38 1.35 -0.03 2.17 97.83







Error (in) Error, %
Accuracy, 
%
1 3.50 3.45 -0.05 1.43 98.57
2 3.50 3.45 -0.05 1.43 98.57
3 3.35 3.45 0.10 2.99 97.01
4 3.35 3.25 -0.10 2.99 97.01
5 3.35 3.25 -0.10 2.99 97.01
6 3.35 3.05 -0.30 8.96 91.04
7 3.35 3.45 0.10 2.99 97.01







Error (in) Error, %
Accuracy, 
%
1 11.25 11.05 -0.20 1.78 98.22
2 11.75 11.45 -0.30 2.55 97.45
3 11.5 11.25 -0.25 2.17 97.83
4 12.38 12.05 -0.33 2.67 97.33
5 11.25 11.25 0.00 0.00 100.00
6 12.50 11.05 -1.45 11.60 88.40
7 11.5 11.65 0.15 1.30 98.70
8 11.50 11.65 0.15 1.30 98.70
US 63: BM1 (dielectric permittivity used = 8)
US 63: BM2 (dielectric permittivity used = 8)







Figure 6.9. Correlations between GPR and core depths of pavement layers include upper 






The amplitudes of the GPR reflections from the base of the top and the bottom 
layer of asphalt (HMA) and the amplitude GPR reflection from the base of the concrete 
(PCC) were reinforced with a rebar mesh layer, presented in Figure 6.10. The amplitudes 
of the reflections from the base of the upper layer of AC at all core locations were 
relatively consistent. It varied from -26 NdB to -50 NdB. The result was consistent with 
the core control that indicated this layer was not debonded at any of the core locations. 
From the amplitude map, the amplitude of debonded core samples 2, 4, and 7 did not 
show good correlation on the map. That may be because these cores were not acquired in 
areas where the amplitude of this base lower AC reflector is atypically low. The 
amplitudes of the reflections from the base of the PCC varied from -35 NdB to -70 NdB. 
Besides, that was considered to be relatively uniform at all core locations except core 4 
and 7. The oddly low amplitude reflection of the PCC at core location 4 can be attributed 
to the fact that this core was acquired immediately adjacent to a joint (where reflection 
amplitudes and arrival times are difficult to map with confidence). The abnormally low 
amplitude of the PCC reflection at location of core 7 is consistent with the concept that 
the GPR signal would be attenuated anomalously rapid as it passed through chemically 
degraded PCC (Figure 6.10).  
Analysis of the acquired GPR data and core control suggested that the GPR tool 
could not be used at this site (US 63) to detect areas where BM/BM and/or BM/PCC 
interfaces were debonded. However, the GPR tool could be used to estimate pavement 









Figure 6.10. Amplitude base map with superposed GPR interpretations for A) the base of the top layer of BM, B) the base of the lower 
layer of BM, and C) the base of the PCC. Horizontal solid black lines represent locations of the GPR traverses. Vertical and horizontal 









6.4. ULTRASONIC SURFACE WAVE DATA 
Located along the North-bound lane of the US 63 Highway near Rolla, Missouri, 
the site location is shown in earlier Figure 6.1. The pavement site that composed of 
approximately 3.5 in. of a bituminous mix (BM) layer overlayed on an existing 8 in. PCC 
layer showed no visible evidence of surface cracks. Table 6.4 refers to the weather 
conditions at the site during geophysical data acquisition and coring, with an average air 
temperature of 38
°
 F during data collection. Setup of the PSPA tool at the site during data 




Figure 6.11. The setup of the PSPA tool at the site during data acquisition at Site 1 (US 
63 N). 
 
PSPA data was acquired at fifty-five (55) discrete grid locations along and at 
eight (8) core locations at the test site as shown in Figure 6.12. The PSPA data was 





from the outer edge of the driving lane (shoulder). Cores 1 and 4 were the only locations 
within 10 ft. of a PSPA location and no PSPA data was acquired near the core locations. 
The spacing between the PSPA receivers was set to 4 in., and as a result, the expected 
PSPA records should extend from about 2 in. to 7 in. 
 
Table 6.4. Date and weather condition of Pavement Site 1 during geophysical 







Figure 6.12. Base map for site 1 showing PSPA test locations and core locations. 
 
Cores 01, 04, and 07 were the closest to the PSPA data point location (Figure 
6.12). Due to this factor, these three core samples were presented together with their 
corresponding PSPA USW 1-D elastic modulus versus depth profile. The other USW 





Core 01 consisted of 3 layers, two overlying BM layers and one of an underlying 
PCC layer as shown in Figure 6.13 with its corresponding PSPA elastic modulus plot. 
There was no evidence of debonding or stripping, as well as no evidence of chemical or 
physical deterioration of the PCC. The elastic modulus plot of Figure 6.13 can be divided 
into two layers due to the pavement composition: overlying bituminous mix (BM) and 
underlying PCC. The two overlying BM layers have an average elastic modulus of 3520 
ksi, which indicated that the asphalt concrete was of reasonable quality (Table 4.2). 
The apparent average modulus for the underlying PCC in Core 1 was calculated 
to be 3250 ksi. However, it must be remembered that these “apparent” values were 
inaccurate solely for an underlayer as discussed earlier. With that being said, the average 
“apparent” elastic modulus was 3358 ksi for the whole 5 in. in both AC and PCC layers 
of a tested section of pavement (Figure 6.14). In the instances where the entire tested 
section of pavement is given an apparent average, these were not accurate in an absolute 
sense, but can be used in a relative sense to assess PCC and “overall” pavement quality 
respectively. 
The average elastic modulus of 3195 ksi of the BM in Core 04 indicated that the 
BM was of reasonable quality with an elastic modulus of the BM slightly less than 3100 
ksi near the debonded BM/PCC interface as shown in Table 4.2. The apparent average 
modulus of the underlying concrete layer was 3386 ksi, while the average modulus of the 
whole 5 in. of a tested section of BM and PCC was 3313 ksi. Figure 6.15 illustrates Core 
07 and the corresponding PSPA elastic modulus plot. The BM/PCC interface has 
debonded while the PCC was categorized by evidence of both physical and chemical 





referring the BM was of reasonable quality according to Table 4.2. Near the debonded 
BM/PCC interface, the elastic modulus of the asphalt concrete was slightly less than 3100 
ksi while the apparent average modulus of the PCC layer in Core 07 was 2654 ksi. This 
average apparent modulus is much lower than the corresponding values for cores 01 and 
04, with an average of 2864 ksi modulus for the whole 5 in. of a tested section of asphalt 
concrete and concrete. This value is low compared to cores 01 and 04. The Cores 01, 04 
and 07 data analysis and their corresponding elastic modulus plots show that the elastic 
modulus of the BM immediately above the BM/PCC contact is slightly lower when the 
BM and PCC are debonded. Furthermore, the abnormally low apparent elastic modulus 
of the PCC where it has been chemically and physically degraded suggests that the PSPA 
USW tool might be useful for detecting debonded interfaces and degraded PCC under 
BM overlay. As there is no uniformly statistical significant difference between the 
modulus of the BM and the apparent modulus of the underlying PCC, the acoustic 




Figure 6.13. Plot of the elastic modulus generated from PSPA USW data acquired in 








Figure 6.14. Plot of the elastic modulus generated from PSPA USW data acquired in 




Figure 6.15. Plot of the elastic modulus generated from PSPA USW data acquired about 






The other PSPA USW data were presented in a 2-D cross-sectional format for the 
purpose of delivering information about lateral and vertical variations in pavement 
quality. The elastic modulus data compiled from Site 1 were displayed in upper and 
lower sections based on material differences overlying BM and underlying PCC (Figures 
6.16, 6.17, 6.18, 6.19, 6.20). The cross-sections describing the elastic modulus for BM 
depths of 2 in. to 3.5 in. are reflected in Figures 6.16 and 6.17. The “apparent” elastic 
modulus for concrete with depths of 4 in. to 7.2 in. is shown in Figures 6.18, 6.19, and 
6.20. 
Figure 6.16 displays the approximate location of Core 01 in the 2-D cross-section. 
This core was not debonded or stripped, and the elastic modulus of the BM concrete at 
this location was consistently greater than 3200 ksi. The apparent modulus of the 
concrete at this location was also consistently greater than 3200 ksi (Figure 6.18). The 
location of Core 04 is shown in Figure 6.17. This core was debonded and the elastic 
modulus of the BM at this site was slightly less than 3100 ksi near the base of the asphalt. 
The apparent modulus of the concrete was consistently greater than 3200 ksi. The elastic 
modulus of the BM is consistent below the 3100 ksi near the BM/PCC interface of the 
cross-sections acquired at stations 600, 700, 800 and 900 ft. as well as almost all depths 









Figure 6.16. 2-D Cross-sections represent the variations in the elastic modulus (ksi) of 
BM for PSPA USW data acquired at the 0 ft. to 500 ft. intervals along the five GPR 
traverses. The six PSPA USW data sets in each cross-section were acquired at 2 ft. 
intervals starting 2 ft. from the edge of the pavement. The depth of investigation extends 







Figure 6.17. 2-D Cross-sections represent the variations in the elastic modulus (ksi) of 








Figure 6.18. 2-D Cross-sections represent the variations in the elastic modulus (ksi) of 
concrete of PSPA USW data acquired at the 0 ft. to 300 ft. intervals along the five GPR 
traverses. The five PSPA USW data sets in each cross-section were acquired at ft. 
intervals starting 2 ft. from the edge of the pavement. The depth of investigation extends 







Figure 6.19. 2-D Cross-sections represent the variations in the elastic modulus (ksi) for 








Figure 6.20. 2-D Cross-sections represent the variations in the elastic modulus (ksi) of 






The apparent elastic modulus of the PCC was peculiarly low at almost all depths 
within the cross-sections acquired at stations 800 and 1000 ft. This observation was 
consistent with the PSPA data taken in proximity to core 7 where the PCC average 
modulus was comparably low to the data collected at core locations 01 and 04, in 
conjunction with the visual observations from this same location that suggested chemical 
degradation of the PCC (Figure 6.20).  
The average elastic modulus along each GPR traverse for the entire tested section 
pavement (2 in. to 7.2 in.) was calculated and plotted in Figure 6.21. The average elastic 
modulus of the pavement is statistically lowest in those areas where vehicles tires are 





Figure 6.21. Plot of the average elastic modulus (over a depth range of 2 to 7.2 in.) along 
each GPR traverse. The GPR traverses are spaced at 2 ft. intervals. The GPR traverse 1 is 







7. US 54 CASE STUDY 
 
7.2. LOCATION AND DESCRIPTION OF THE ROADWAY 
Site 2 (US 54) is located approximately 2 miles west of Camdenton, MO (Figure 
7.1). The pavement at Site 2 consists of approximately 12 in. thickness of full depth 
bituminous mix (BM). There was visible evidence of surface cracks. Common defects 
observed in the pavement included cracking (block, alligator, transverse and 
longitudinal), rutting, distortions, and patches. Hence, the site was considered to be in fair 
condition with a PASER rating of between 4 and 5. The condition of the site is shown in 
Figures 7.2 and 7.3. The average air temperature during field data acquisition at the test 











Figure 7.2. Photograph of US 54, looking east. The pavement at Site 2 consists of 







Figure 7.3. Photograph of US 54. The pavement was observed to be in fair condition with 






7.2. CORE CONTROL  
The field investigation of US 54 consisted of pavement coring within the section 
of site approximately 2 miles west of Camdenton, Missouri. 
The total of core samples that were collected throughout the site is ten (10) to 
depths of about 4.75 in. to 11.5 in. underneath present grades. The coring locations were 
measured in the field from the existing edge of the southbound roadway and right angles 
were estimated. The photograph shows the eight core samples and their locations on the 











Field measurements of each coring location are included in Table 7.1. The 
measurements for each core sample location include: the core length, surface material, 
number of pieces, bond conditions between layers, stripping, and debond of BM layers 
are included in Table 7.1 as well. The locations of the corings should only be considered 
accurate to the degree implied by the means and methods used to define them.  
The pavement core samples were extracted with a truck-mounted rotary drill rig 
using continuous flight, solid-stemmed augers to advance the coring. The samples were 
obtained from US 54 site with 4-inch diameter diamond whole saw concrete core-bit. 
Roadway base material and subgrade material samples were obtained as grab samples 
from the auger flights. The pavement core samples were sealed and transported to the 
laboratory for testing and classification (Anderson et al. 2015). 
 
Table 7.1. Coring Locations, the distance of each core from beginning and the distance 





The pavement conditions faced at each core sample location are presented in 
Table 7.2 (Anderson et al. 2015). The next depths are in reference to the present roadway 
surface grade at the time of exploration. 
Coring initially encountered an upper asphalt driving surface of 1.0 to 2.0 inches 
in thickness. This driving surface was debonded and had a low to moderate stripping 
potential. Below the driving surface two to five additional layers of asphalt, 0.5 to 5.75 
Core No. 1 2 3 4 5 6 7 8 9 10
Distance from 
Start line             
(ft) 









inches in thickness, were faced. The layers were debonded, weak, and well bonded as 
varying locations and also exhibited low to moderate stripping potential. The total overall 
paving thickness ranged from 4.75 in. to 11.5 in. Based on these results of the core 
samples, the pavement conditions were generalized.  
 







1 1 Debonded N/R Moderate 305
2 1 Debonded N/R Moderate 309
3 1.25 Debonded N/R Low 574
4 5.25 - - Low 97
1 2 Debonded N/R Low 782
2 1.5 Debonded N/R Moderate 482
3 1 Weak 289 Moderate 177
4 1 Weak 298 Moderate 405
5 3.5 Strong 637 Low 1663
6 1.5 - - Low 744
1 1.75 Debonded N/R Low 746
2 2 Debonded N/R Moderate 530
3 1 Weak 463 Low 235
4 1 Weak 293 Low 415
5 5.25 - - Low 2773
1 1.75 Debonded N/R Low 711
2 1.25 Debonded N/R Low 543
3 1.5 Weak 210 Low 393
4 6.75 - Low 304
1 1.75 Debonded N/R Low 745
2 2 Debonded N/R Low 605
3 5.75 - - Low 517
1 1.75 Debonded N/R Low 737
2 1.5 Weak 286 Low 616
3 1.5 - - Low 412
1 2 Debonded N/R Low 943
2 1.75 Weak 286 Low 800
3 2 Strong 885 Low 849
4 1.75 Strong 721 Low 596
5 2.25 Weak 169 Low 1161
6 1.5 - - Low 590
1 1.5 Debonded N/R Low 762
2 1.5 Weak 89 Low 336
3 0.75 Weak 50 Low 207
4 3.25 Strong 1937 Low 2595
5 2.5 Strong 1035 Low 1663
6 1.5 - - Low 1189
1 1.75 Debonded N/R Low 1014
2 1.5 Weak 334 Low 519
3 1 Weak 269 Low 311
4 3 Debonded - Low 1224
5 2.25 Strong 517 Low 894
6 2 - - Low 1315
1 1.5 Debonded N/R Low 653
2 1.25 Debonded N/R Low 417
3 1.25 Weak 173 Low 318
4 1 Weak 173 Low 185






















7.3. GROUND PENETRATING RADAR DATA 
 Five GPR parallel traverses spaced at 2 ft. intervals oriented west to east opposite 
to each other, were acquired in the eastbound lane of US 54; which is located 
approximately 2 miles west of Camdenton, MO. (Figure 7.1). The pavement at site 2 
consists of approximately 12 in. thickness of full depth bituminous mix (BM) (Figures 




Figure 7.5. Photograph of US 54 shows the GPR traverses and plan view map of the site. 
High-frequency (1.5 GHz) GPR data were acquired five parallel traverses spaced 2 ft. 





The parameters used to acquire the GPR data were 512 samples/scan and 48 
scans/ft. A dielectric permittivity 8.0 was used to convert reflection times to reflector 
depths. The GPR data were acquired at site 2 to detect stripping and debonding within the 
BM and to estimate the thickness of the BM. Stripping in all ten cores was described as 




Figure 7.6. A photograph shows the ten core locations that showed evidence of stripping 
and debonding in the contact between BM layers, and plan view including the locations 






A representative core and a corresponding representative segment of US 54’s 
GPR profile are shown in Figure 7.7. From the GPR profile; the reflections originating 
from debonded interfaces are imaged, but reflections from the stripped zones could not be 
differentiated from reflections from the debonded interfaces on the high-frequency GPR 
profiles. Typically, the thickness of the pavement obtained from the core sample was 




Figure 7.7. An example of GPR profile for US 54 site showing a tie with core 5. 
Reflections from the multiple stripped interfaces and the base of the BM can be 
identified. Variations in the apparent depth of the base of the BM are attributed to both 
lateral changes in the actual thickness of the BM and lateral changes in the physical and 
chemical condition of the BM. The horizontal axis is in units of feet; the vertical axis is in 







The base map showing variations in the apparent depth of the bituminous mix 
(BM) is presented in Figure 7.8. A dielectric permittivity of 8.0 was used to convert 
reflection times to depths. Based on the map, the apparent depth to the base of the BM 
varies significantly. The observed variations in apparent thickness are mostly attributed to 
actual variations in the thickness of the BM and variations in the condition of the BM. 
The core depths to each of the pavement layers are compared to the GPR-estimated 
depths to each of the pavement layers for US 54, shown in Table 7.3 and Figure 7.9. 
From Table 7.3, the GPR-estimated depths (with four exceptions) and corresponding core 
depths differ by 10% or less.  
The difference (of up to +100%) can be attributed to slight variations in the 
thicknesses of the higher velocity BM layers, the physical and chemical properties of the 
BM layers, the use of a constant GPR pulse velocity, and the incompletion of core 
recovery (especially cores 1, 6 and 10). Typically, the differences between the actual and 
apparent thickness were also noted. Core depths and GPR apparent depths were 
consistent except for four of the cores, 1, 5, 6 and 10. That is because the cores at these 
four locations were incomplete and/or not fully extracted (Table 7.3) (Figure 7.9). 
From the amplitude reflection map of the base of the BM (Figure 7.10), the 
amplitudes of the reflections from the base of the BM are low and vary significantly. This 
observation is consistent with the core control that indicates the BM is both stripped and 
debonded at multiple depths. The degree of correlation between apparent thicknesses 
from the GPR data and thicknesses from core control is not overly high (Table 7.3) 





both real variations in BM thickness and variations in BM condition (physical and 
chemical). 
Analysis of the acquired GPR data and core control suggest that the GPR tool 
could be used at Site 2 to detect areas where stripping/debonding were present and to 
map the base of the BM. The generated apparent depth and amplitude maps indicate the 
overall poor condition of the pavement. However, the presence of stripping and 
debonding is some areas can be confidently identified, most readily, based on the visual 








Figure 7.8. Depth map shows GPR-estimated “apparent” depth to the base of the bituminous mix (BM). Thickness values are apparent 
























Error, in. Error, %
Accuracy, 
%
1 8.50 11.00 2.50 29.41 70.59
2 10.50 10.50 0.00 0.00 100.00
3 11.00 10.50 -0.50 4.55 95.45
4 11.25 11.00 -0.25 2.22 97.78
5 9.50 10.50 1.00 10.53 89.47
6 4.75 10.00 5.25 100.00 0.00
7 11.25 11.00 -0.25 2.22 97.78
8 11.00 10.50 -0.50 4.55 95.45
9 11.25 10.50 -0.75 6.67 93.33
10 8.25 11.00 2.75 33.33 66.67







Figure 7.10. Amplitude map for the base bituminous mix (BM) layer. Areas highlighted in yellow, green and blue (<-43 NdB) indicate 








7.4. ULTRASONIC SURFACE WAVE DATA 
The second pavement site investigated in this research was located along the US 
54 Highway near Camdenton County, Missouri. The location of the site is displayed in 
Figure 7.1. With visible evidence of surface cracks, this location was composed of 
approximately 11 in. of BM. This site recorded an average air temperature of 36° F 
during data collection. A total of fifty-five (55) PSPA datasets and ten (10) core samples 
were taken at pavement site 2 using a 4 in. receiver spacing. Therefore, accordingly, the 
USW modulus that was generated extended from a depth of 2 in. to approximately 7 in. 
(Figures 7.11 and 7.12). The PSPA data were not acquired within immediate proximity to 
all core locations. However, the PSPA USW data were collected near core locations 03, 
04, 05 and 09 (Figure 7.12). The cores mentioned above and their corresponding PSPA 
elastic modulus plots, are shown in Figures 7.13, 7.14, 7.15, and 7.16 respectively. These 
core samples clearly demonstrated that they were stripped and debonded at multiple 
depths and reflected PSPA USW average elastic modulus values of 1058 ksi, 1914 ksi, 
1368 ksi and 1858 ksi respectively. These average elastic modulus values were consistent 
with severely deteriorated BM (at an air temperature of 32° F; Table 4.2) and further 
suggestd that the use of the PSPA USW was just as effective in the assessment of the 





















Figure 7.13. Plot of the elastic modulus generated from the PSPA USW data acquired in 




Figure 7.14. Plot of the elastic modulus generated from the PSPA USW data acquired in 







Figure 7.15. Plot of the elastic modulus generated from the PSPA USW data acquired in 




Figure 7.16. Plot of elastic modulus generated from the PSPA USW data acquired in 






So as to provide information about lateral and vertical variations in pavement 
quality, the rest of the fifty-five PSPA USW data sets are represented in the 2-D cross-
sectional format, while the elastic modulus data acquired at site 2 is displayed in cross-
section format in Figures 7.17, 7.18, 7.19, and 7.20. As can be seen from these figures, 
the tested section of BM (2 in. to approximately 7.2 in.) is characterized mostly by elastic 
modulus values between 1000 ksi and 3000 ksi. This clearly indicated that most of the 
tested section of BM paved roadway was of poor quality or severely deteriorated by 
various elements. The obvious similarities between these results and those taken from the 
core sample, again, indicated that the PSPA USW tool was effective for the assessment of 
the condition of the BM. 
While convincing, it should be noted that at the 6 ft. mark along the 300 ft. profile 
and on the 10 ft. mark along 1000 ft. profile, the recorded elastic moduli were much 
higher than 4000 ksi, which is highly unrealistic. Due to the extreme nature of these 
outliers (and the skew they place on the data), the information from these locations was 
intentionally omitted in the 2D cross-sections (Figures 7.17, 7.18, 7.19, 7.20). At these 
locations, the pavement demonstrated extensive cracking. The extreme nature of these 
cracks only promoted the logical conclusion that they had interfered with the surface’s 
ability to conduct and propagate surface waves from the acoustic source to the two 
receivers, thus, representative data for these two locations could not be accurately 
obtained. For this reason, it can be confidently stated that the PSPA USW tool 
demonstrated difficulties in giving an accurate description of the pavement when the 








Figure 7.17.Cross-sections represent the variations in the PSPA USW elastic modulus 
(ksi) of the BM at the 0 ft., 100 ft. and 200 ft. intervals along the GPR traverses. The five 
PSPA USW data sets in each cross-section were acquired at 2 ft. intervals starting 2 ft. 








Figure 7.18. Cross-sections represent the variations in the PSPA USW elastic modulus 
(ksi) of the BM at the 300 ft., 400 ft. and 500 ft. intervals along the GPR traverses. The 
PSPA data could not be acquired at the 6 ft. mark on the 300 ft. profile because of the 







Figure 7.19. Cross-sections represent the variations in the PSPA USW elastic modulus 







Figure 7.20. Cross-sections represent the variations in the PSPA USW elastic modulus 
(ksi) of the BM at the 900 ft. and 1000 ft. intervals along the GPR traverses. 
 
The average elastic modulus along each GPR traverse for the entire tested section 
pavement (2 in. to 7.2 in.) was calculated and plotted in Figure 7.21. The average elastic 
modulus along each GPR traverse was less than 2000 ksi (with the exception of traverse 





modulus values were consistent with the assessment that the BM pavement was of poor 




Figure 7.21. Plot of the average elastic modulus (over a depth range of 2 in.to 7.2 in.) 
along each GPR traverse. The GPR traverses are spaced at 2 ft. intervals. The GPR 


















8. MO 179 CASE STUDY 
 
8.1. LOCATION AND DESCRIPTION OF THE ROADWAY 
Site 3 (MO 179) is located approximately 4 miles west of Jefferson City, MO 
(Figure 8.1). Typical site 3 pavement consists of approximately 12.25 in. thickness of full 
depth bituminous mix (BM) (Figures 8.2). The condition of the tested pavement section 












Figure 8.2. Photograph of MO 179, looking south. Typical, the tested pavement site 







Figure 8.3. Photograph of MO 179, looking south showing the typical condition of the 





8.2. CORE CONTROL  
The field investigation of MO 179 consisted of pavement coring within a section 
of the site approximately 4 miles west of Jefferson City, Missouri. The total of core 
samples that were collected throughout the site was ten (10) to depths of about 11.25 in. 
to 12.5 in. underneath existing grades. The coring locations were measured in the field 
from the existing edge of the southbound roadway and right angles were estimated. The 
photograph showing the eight core samples and their locations on plan view is presented 




Figure 8.4. Photographs of cores extracted from MO 179 and their location on the plan 






The field measurements of each coring location are included in Table 8.1. The 
measurements for each core sample location includes: the core length, surface material, 
number of pieces, bond conditions between layers, stripping, and debond of BM layers. 
The locations of the corings should be considered accurate only to the degree implied by 
the means and methods used to define them.  
The pavement core samples were extracted with a truck-mounted rotary drill rig 
using continuous flight, solid-stemmed augers to advance the coring. The samples were 
obtained from MO 179 section with a 4-inch in diameter diamond hole saw concrete 
core-bit. Roadway base material and subgrade material samples were obtained as grab 
samples from the auger flights. The pavement cores and soil samples were sealed and 
transported to the laboratory for testing and classification (Anderson et al. 2015).  
 
Table 8.1. Coring Locations, distance of each core from beginning, and distance from the 





The pavement conditions encountered at each coring location are present in Table 
8.2. The next depths are in reference to the present roadway surface grade at the time of 
the investigation. 
Coring initially encountered an upper asphalt driving surface of 1.25 to 3.50 
inches in thickness. This driving surface was well bonded and had a low to high stripping 
potential. Below the driving surface, two to three additional layers of asphalt, 2.0 to 9.25 
Core No. 1 2 3 4 5 6 7 8 9 10
Distance from 
Start line             
(ft) 









inches in thickness, were encountered. These layers were debonded, and well bonded in 
various locations and also exhibited low to high stripping potential. Total overall paving 
thickness ranged from 11.0 in. to 12.5 in. Based on these results of the core samples, the 
pavement conditions were generalized. 
 



































2 4.5 Debonded N/R High 2842
3 6.25 - - High 1719
1 3.25 Debonded N/R Low 1812
2 3 Debonded N/R High 1209





2 2 Debonded N/R Low 1635
3 9.25 - - High 1162










2 2.75 Debonded N/R Low 987





2 2 Debonded N/R Low 899






















8.3. GROUND PENETRATING RADAR DATA 
The GPR data were acquired along Site 3 (MO 179). The site is located 
approximately 4 miles west of Jefferson City, MO (Figure 8.1). The GPR data were 
acquired along five GPR parallel traverses spaced at 2 ft. intervals oriented north to south 
opposite to each other in the south-bound lane of MO 179 (Figure 8.5). The investigation 




Figure 8.5. Photograph of MO 179 shows the GPR traverses and plan view map of the 
site. High-frequency (1.5 GHz) GPR data were acquired five parallel traverses spaced at 






The parameters that were used to acquire the GPR data were 512 samples/scan 
and 48 scans/ft. A dielectric permittivity 7.5 was used to convert reflection times to 
reflector depths. All the Site 4 GPR data (high-frequency) were acquired in less than four 
hours. Typical Site 3 pavement consists of approximately 12.25 in. thickness of full depth 
bituminous mix. All the ten cores were described as moderately to highly stripped (Figure 




Figure 8.6. Shows the ten core samples extracted from MO 179 and their locations in the 







Figure 8.7. Shows core 5 and core 10 which were described as debonded within the 
bituminous mix (BM) layers. 
 
The main purpose of acquiring the GPR data using a 1.5 GHz at the MO 179 Site 
was to detect stripping and/or debonding within the bituminous mix (BM) layers. The 
GPR profile with the core sample is shown in Figure 8.8. The base of the upper and lower 
bituminous layers can be differentiated. Also, interfaces between the BM layers can be 
easily differentiated; the lower base of BM layer representing the interface between the 
pavement section and the subbase was marked on the GPR profile. Typically, the 
thickness of the pavement obtained from the core sample was consistent with the GPR 







Figure 8.8. An example of GPR profile for MO 179 site. A yellow line represents the 
base of BM. The horizontal axis is in units of feet; the vertical axis is in units of inches. 
 
A map depicting the apparent depth to the base BM, which represents the 
reflection from the base of the BM, is shown in Figure 8.9. It can be observed that the 
apparent depth to the base of the BM varies significantly. The observation of variations in 
the apparent thicknesses was due to the actual variations in the thickness of the BM and 
the condition of the bituminous (BM) layer. A comparison of core thicknesses to GPR-
estimated thicknesses is presented in Table 8.3 and Figure 8.10. From the table, all GPR-
estimated depths and corresponding core depths differ by less than 7%. This difference, 
about 7%, can be due to slight variations in the thickness of the higher velocity BM 
layers, slight changes in the physical and chemical properties of the BM layers, and the 





represents the reflection from the base of the BM, shown in Figure 8.11. As shown, the 
amplitudes of the reflection from the base of the bituminous (BM) are arranged between -
30 and -42 NdB at all core locations. However, in the other places on the base map, the 
amplitude of the reflection is as low as -58 NdB. The areas of lower reflection amplitude 
could represent areas where the BM is more extensively degraded than at any of the other 
core locations. 
Analysis of the acquired GPR data and core control suggest that the GPR tool 
could be used at Site 3 to detect areas where stripping/debonding were present and to 
map the base of the BM. The generated apparent depth and amplitude maps indicate 
overall poor to fair conditions of the pavement. However, the presence of stripping and 
debonding in some areas can be confidently identified, most readily, based on the visual 








Figure 8.9. Depth map shows GPR-estimated “apparent” depth to the base of the bituminous mix (BM) based on the GPR data. Depth 
values are apparent and are based on the dielectric permittivity of 7.5. Traverse 1 (0 ft. mark on map) was located 1 ft. away from the 










Table 8.3. Core depths and GPR apparent depths to the base of pavement layers for MO 
179. Differences between the actual and apparent thickness are also noted. All core 
samples that were collected throughout site MO 179 were described as moderately to 















Error, in. Error, %
Accuracy, 
%
1 11.25 11.05 -0.20 1.78 98.22
2 11.50 11.55 0.05 0.43 99.57
3 11.50 12.05 0.55 4.78 95.22
4 12.25 11.55 -0.70 5.71 94.29
5 12.25 12.55 0.30 2.45 97.55
6 12.25 12.55 0.30 2.45 97.55
7 12.25 12.55 0.30 2.45 97.55
8 12.25 12.55 0.30 2.45 97.55
9 12.00 12.05 0.05 0.42 99.58
10 11.88 12.55 0.67 5.64 94.36







Figure 8.11. Amplitude base map with superposed GPR interpretations for base BM. All 10 cores were described as moderately to 
highly stripped. Cores 5 and 10 were described as debonded. Areas of anomalously low amplitude probably represent areas where the 










8.4. ULTRASONIC SURFACE WAVE DATA 
The location of pavement site 3 is along the north-bound lane of MO 179 near 
Jefferson City, MO (Figure 8.1). The pavement consists of ~ 12 in. BM with surface 
cracks. The average air temperature measured during the data acquisition was about 43° 
F. At Pavement site 3, Fifty-five (55) PSPA data sets and ten (10) cores were acquired. 
The receiver spacing used in this survey was 4 in. and the plot of the USW modulus 
ranged approximately between 2 in. to 7 in. (Figures 8.12 and 8.13). Moreover, the PSPA 












Figure 8.13. Plan view of pavement section MO 179 showing the PSPA test locations and 
core locations. The PSPA data were acquired at 100 ft. intervals along each GPR 
traverse. The GPR traverse 1 was located 1 ft. from the outer edge of the paved driving 
lane (shoulder). Only cores 01 and 02 were located within 20 ft. of a PSPA location. 
 
Figures 8.14, 8.15, 8.16, and 8.17 show the locations and results of the PSPA 
elastic modulus measurements of cores 01, 02, 04, and 07, respectively. The PSPA USW 
results for 01, 02, and 04 showed that these cores were not deboned and had an average 
elastic modulus of 3022 ksi, 3147 ksi and 3582 ksi, respectively. The result showed that 
the values of the elastic modulus for cores 01, 02, 04 are consistent with the fair quality 
BM at an air temperature of 32° F (Table 4.2). In contrast, core 07, at a depth of about 4 
in., was debonded with a PSPA USW average elastic modulus of 2522 ksi. This value 
indicates a poor quality of the BM at an air temperature of 32° F (Table 4.2). As 
displayed in Figure 8.17, the elastic modulus of the pavement, in proximity to core 04 at 







Figure 8.14. Plot of the elastic modulus generated from the PSPA USW data acquired in 
immediate proximity to intact core 01. The PSPA USW average elastic modulus for core 





Figure 8.15. Plot of the elastic modulus generated from the PSPA USW data acquired in 
immediate proximity to intact core 02. The PSPA USW average elastic modulus for core 








Figure 8.16. Plot of the elastic modulus generated from the PSPA USW data acquired 
within 12 ft. of the intact core 04. The PSPA USW average elastic modulus for core 04 is 
3582 ksi, indicating the BM is of fair quality (at an air temperature of 32° F; Table 4.2). 




Figure 8.17. Plot of the elastic modulus generated from the PSPA USW data acquired 
within 20 ft. of the core 07. This core was debonded at a depth of approx. 4 in. (weak 
bonded at a depth of 1.5 in.). The PSPA USW average elastic modulus for core 04 is 
2522 ksi, indicating the BM is of poor quality (at an air temperature of 32° F; Table 4.2). 





The cross-section format in Figures 8.18, 8.19, 8.20 and 8.20, extracted from the 
elastic modulus data, showed that the quality of the tested section of BM roadway (2 in. 
to approx. 7.2 in.) varied from deteriorated to good with elastic modulus values between 
1000 ksi and 4500 ksi. 
Both elastic modulus data and the acquired core control are consistent. This can 
be verified according to the following:  
 The values of the PSPA elastic modulus that were acquired near the location 
of debonded core 03 ranged between 2500 ksi and 3000 ksi, indicating fair 
quality BM. 
 The elastic modulus values acquired closest (within 20 ft.) to the location of 
core 05, which was debonded at a depth of 6.5 in., rapidly decreased at depths 
below 6 in. (Figure 8.13). 
 The elastic modulus curve acquired near (within 20 ft.) the location of core 08 
which is debonded at a depth of 1.25 in. (Figure 8.13), is characterized by 
values of 2500 ksi and 3000 ksi at depths above 5 in. and elastic modulus 
values between 3000 ksi and 3900 ksi at depths below 5 in., indicating fair 
quality BM. 
 The elastic modulus curve acquired near (within 20 ft.) the location of core 10 
which is debonded at a depth of 3.5 in. (Figure 8.13), is characterized by 
values between 2200 ksi and 2900 ksi, which indicates fair quality. These 






At the 5 ft. and 9 ft. marks along the 0 ft. profile, the 7 ft. mark along the 300 ft. 
profile, and the 1 ft. mark along the 400 ft. profile, the recorded elastic moduli were much 
lower than 500 ksi. That is not only anomalous, but highly unrealistic. These locations, 
again, were omitted in the 2D cross-sections provided in Figures 8.18, 8.19, 8.20 and 
8.21. As what happened previously at pavement site 2 (US 54), these locations were 
extensively cracked, thus interfering with the propagation of surface waves from the 
acoustic source to the two receivers and real representative data could not be obtained. 
These results only further the position and conclusion that when the pavement surface is 









Figure 8.18. Cross-sections represent the variations in the PSPA USW elastic modulus 
(ksi) of the BM at the 0 ft., 100 ft. and 200 ft. intervals along the GPR traverses. The five 
PSPA USW data sets in each cross-section were acquired at 2 ft. intervals starting 1 ft. 







Figure 8.19. Cross-sections represent the variations in the PSPA USW elastic modulus 







Figure 8.20. Cross-sections represent the variations in the PSPA USW elastic modulus 







Figure 8.21. Cross-sections represent the variations in the PSPA USW elastic modulus 
(ksi) of the BM at the 900 ft. and 1000 ft. intervals along the GPR traverses. 
 
 
The average elastic modulus along each GPR traverse for the entire tested section 
pavement (2 in. to 7.2 in.) was calculated and plotted, as in Figure 8.22. The average 
elastic modulus of the pavement was statistically lowest in areas where vehicles tires 








Figure 8.22. Plot of the average elastic modulus (over a depth range of 2 in. to 7.2 in.) 
along each GPR traverse. The GPR traverses are spaced at 2 ft. intervals. The GPR 



























9. HWY U CASE STUDY 
 
9.1. LOCATION AND DESCRIPTION OF THE ROADWAY 
Pavement site 7 is located along Highway U near Dent County approximately 6 
miles north of Salem, MO (Figure 9.1). The pavement consists of full depth bituminous 
mix (BM) with a variety of thicknesses between 1/4 in. and 2 in. The asphalt pavement 
was observed to be in poor condition, with a PASER rating of 3. The pavement showed 
evidence of multiple closely spaced longitudinal and transverse cracks, raveling, alligator 
cracks, and distortions. The condition of the pavement is shown in Figures 9.2, 9.3 and 
9.4. The average air temperature during field data acquisition at the test site was 34° F. 
 
 
Figure 9.1. Location of site 7 along Highway U near Dent County approximately 6 miles 







Figure 9.2. Photograph of HWY U. The pavement consists of full depth bituminous (BM) 







Figure 9.3. Shows the condition of site HWY U. The asphalt pavement was observed to 







Figure 9.4. The pavement section showed evidence of multiple closely spaced 





9.2. CORE CONTROL  
The field investigation of HWY U consisted of pavement coring within the 
eastbound section of the Highway site approximately 6 miles North of Salem, Missouri. 
The total of core samples collected throughout the site is eight (8) corings to depths of 
about 1.0 to 9.0 feet underneath existing grades. The coring locations were measured in 
the field from the existing edge of the eastbound roadway and right angles were 
estimated. This photograph shows the eight core samples and their locations on plan 




Figure 9.5. Photographs of core samples extracted at HWY U and their location on the 





The coring locations were measured in the field from the existing edge of the 
eastbound lane along six parallel traverses spaced at 1.5 ft. intervals. Field measurements 
of each coring location are included in Table 9.1. The location of the corings should be 
considered accurate only to the degree implied by the means and methods used to define 
them. 
The pavement core samples were drilled with a truck-mounted rotary drill rig 
using continuous flight, solid-stemmed augers to advance the coring. The core samples 
were obtained from HWY U section with a 4-inch diameter diamond hole saw concrete 
core-bit. The core samples were sealed and transported to the laboratory for testing and 
classification (Anderson et al. 2015).  
 
Table 9.1. Coring locations, distance of each core from beginning, and distance from the 




The pavement conditions faced at each core sample location are presented in 
Table 9.2 (Anderson et al. 2015). The measurements for each core sample location 
include: core length, surface material, number of pieces, bond conditions between layers, 
stripping, and debond of BM layers. The following depths are in reference to the present 
roadway surface grade at the time of exploration. 
Core No. 1 2 3 4 5 6 7 8
Distance from 
Start line             
  (ft) 









Coring initially encountered an asphalt driving surface of 0.25 to 4.0 inches in 
thickness. This driving surface data was not available. Based on these results of the core 
samples, the pavement conditions were generalized. 
 




9.3. GROUND PENETRATING RADAR DATA 
The GPR data were acquired along Site 4 (HWY U). The site is located 
approximately 6 miles north of Salem (Figure 9.1). The GPR data were acquired along 
six GPR parallel traverses spaced at 1.5 ft. intervals, oriented south to north opposite to 
each other, on the top surface of a south-bound lane of HWY U road segment. A map of 







1 - 1 1 N/R N/R N/R N/R
2 - 1 1 N/R N/R N/R N/R
3 - 1 1 N/R N/R N/R N/R
4 - 0.25 0.25 N/R N/R N/R N/R
- 1 N/R N/R N/R N/R
- 3 N/R N/R N/R N/R
- 0.75 N/R N/R N/R N/R
- 1.75 N/R N/R N/R N/R
7 - 0.25 0.25 N/R N/R N/R N/R
8 - 2 2 N/R N/R N/R N/R














Figure 9.6. Photograph of HWY U shows the GPR traverses and plan view map of the 
site. The high-frequency (1.5 GHz) GPR data were acquired at five parallel traverses 
spaced 1.5 ft. 
 
The parameters that were used to acquire the GPR data were 512 samples/scan 
and 48 scans/ft. A dielectric permittivity 10 was used, after correlation with the core data, 
to convert reflection times to reflector depths. All the Site 4 GPR data (high-frequency) 





partial cores were acquired at most core locations (Figure 9.7). The goal of the GPR 




Figure 9.7. Photographs of cores extracted at HWY U. The tested section consists of full 
depth BM. The cores indicated that the section was of poor quality BM road and 






An example of the core sample and corresponding representative segment of a 
Site 4 GPR profile is shown in Figure 9.8. The reflection from the base of the BM is 
shown. The base of the upper and the base of the lower bituminous layer can be 
differentiated. Also, the base of the BM layer that represents the interface between the 
pavement section and the subbase was marked on the GPR profile. Typically, the 
thickness of the pavement obtained from the core sample was not totally consistent with 
the GPR profile, which can mostly be due to the incompletion of core recovery. 
 
 
Figure 9.8. An example of GPR profile segment for HWY U with some imaged features 
is shown: base of the top asphalt layer, base of the top debonded asphalt layer (reflection 
not present everywhere along the 1000-ft pavement section) and a culvert. The horizontal 
axis is in units of feet; the vertical axis is in units of inches. 
 
The depth map was generated from the GPR traverses for HWY U using the 





permittivity of 10. The map depicting the apparent depth of the base of the BM layer 
(Figure 9.9). Based on the map, it was noticed that the apparent depth to the base of the 
BM varies significantly. The observed variations in apparent thickness are due to actual 
variations in the thickness and the condition of the BM (Table 9.3) (Figure 9.10).  
Amplitude map was generated on this site and presented in Figure 9.11. The 
amplitudes of the reflection from the base of the BM are low and vary significantly. This 
is consistent with the core control that indicates the BM is stripped at multiple depths in 
many areas. The correlation between apparent thicknesses from the GPR data and 
thicknesses from core control is not convincing (Table 9.3) (Figure 9.10). This suggests 
that variations in apparent depth of the BM are due to both actual variations in BM 
thickness and variations in BM condition. 
Analysis of the acquired GPR data and core control suggest that the GPR tool was 
effectively used at Site 7 to evaluate a poor quality BM road. However, stripped and 
debonded layers could be confidently identified most readily based on the visual 








Figure 9.9. Depth map shows GPR-estimated “apparent” depth to the base of the bituminous mix (BM). Thickness values are apparent 










Table 9.3. Core depths and GPR apparent depths to the base of the BM layer for HWY U. 






Figure 9.10. Correlations between the GPR and core depths of pavement layers include 










Error, in. Error, %
Accuracy, 
%
1 1.00 3.05 2.05 100.00 0.00
2 1.00 2.30 1.30 100.00 0.00
3 1.00 3.80 2.80 100.00 0.00
4 0.25 3.30 3.05 100.00 0.00
5 4.00 3.80 -0.20 5.00 95.00
6 2.50 3.05 0.55 22.00 78.00
7 0.25 3.05 2.80 100.00 0.00
8 2.00 3.30 1.30 65.00 35.00







Figure 9.11. A base map with superposed GPR amplitude values from the bottom asphalt layer base. Areas highlighted in red, yellow 
and green (<-34 NdB) indicate overall poor pavement condition. All cores (1 to 8) confirmed the presence of deteriorated asphalt and 










9.4. ULTRASONIC SURFACE WAVE DATA 
This site is located along Highway U near Dent County, Mo (Figure 9.1). The 
pavement of the site consists of 11 in. of BM overlay and shows surface cracks on the 
BM surface (Figures 9.2, 9.3 and 9.4). During the data acquisition, the average air 
temperature was 34° F. At pavement site 4, sixty-six PSPA data sets and eight cores were 
acquired (Figures 9.12 and 9.13). The receiver spacing used in this survey was 4 in. and 
the plot of the USW modulus approximately ranged between 2 in. to 7 in. (Figure 9.12). 
Also, the PSPA points were not acquired in immediate proximity to all core locations. 
Figures 9.16, 9.17, 9.18, and 9.19 show the acquisition of PSPA data that were 
affected by surface cracks, at several locations. As a result, some PSPA points were 
shifted by a maximum of 1 ft. so that data could be acquired as close as possible to the 












Figure 9.13. Plan view map of HWY U showing the PSPA test and core locations. The 
PSPA data were acquired at 100 ft. intervals along each GPR traverse. The GPR traverses 
were spaced at 1.5 ft. including GPR traverse # 1, which was located 1.5 ft. from the 
outer edge of the paved driving lane (shoulder). Due to the poor condition of the 
pavement section, reliable PSPA data could not be acquired at several locations. Where 
necessary and possible, the PSPA locations were shifted by up to 1 ft., so that data could 
be acquired as close as possible to the planned test locations. Only cores 05 and 08 are 
located within 5 ft. of a PSPA location. 
 
The 2-D cross-sectional format (Figures 9.16, 9.17, 9.18 and 9.19) were produced 
from the elastic modulus acquired at pavement site 4. The 2-D cross-section along the 
tested section of BM (2 in. to 7 in. approximately) indicated that the elastic modulus was 
below 2000 ksi (mostly below 1000 ksi), and that may indicate that the deterioration 
occurred on the BM. The results of the USW elastic modulus and core control were 
consistent. All of the retrieved partial cores were stripped (Figure 9.7). Core 1, which was 
described to be a stripped sample, and the corresponding PSPA elastic modulus plot are 
shown in Figure 9.14. Only 1 in. of core 1 was recovered. The core, with an average 
elastic modulus of 510 ksi, was classified as severely deteriorated (Table 4.2). 
Figure 9.15 shows the stripped core 5 and its corresponding PSPA elastic 
modulus plot. Only 4 in. of the intended 5 in. of Core 5 were able to be recovered. It 





(Table 4.2). Additionally, there were some omitted sections, which can be viewed on the 
2D elastic modulus cross-sections in Figures 9.16, 9.17, 9.18 and 9.19, due to abnormal, 
and inconsistent, elastic moduli results taken from these areas. These locations recorded 
elastic moduli that were much higher than 3000 ksi and were highly unrealistic for a 
pavement with a surface condition mentioned above and taking into consideration the 
condition in which the samples were recovered. These locations were blanked out in the 
2D cross-sections (Figures 9.16, 9.17, 9.18 and 9.19). As was present at Sites 2 and 3, the 
pavement surface was extensively cracked and could not allow for propagation of surface 
waves from the acoustic source to the two receivers. Thus, accurate and representative 
data for these locations could not be obtained. It can only be concluded, as with the 
previous Sites, that when the pavement surface is extensively fractured the PSPA USW 
tool has difficulties with giving an accurate description of the pavement. 
 
 
Figure 9.14. Plot of the elastic modulus generated from the PSPA USW data acquired in 







Figure 9.15. Plot of the elastic modulus generated from the PSPA USW data acquired in 







Figure 9.16. Cross-sections represent the variations in the elastic modulus (ksi) for 
asphalt concrete for the PSPA USW data acquired at the 0 ft., 100 ft. and 200 ft. intervals 
along the GPR traverses. The six PSPA USW data sets in each cross-section were 
acquired at 2 ft. intervals starting 1 ft. from the edge of pavement. Due to the poor 
condition of the pavement section, reliable PSPA data could not be acquired at several 
locations. Where necessary and possible, the PSPA locations were shifted by up to 1 ft., 







Figure 9.17. Cross-sections represent the variations in the elastic modulus (ksi) for 
asphalt for the PSPA USW data acquired at the 300 ft., 400 ft. and 500 ft. intervals along 







Figure 9.18. Cross-sections represent the variations in the elastic modulus (ksi) for 
asphalt (BM) for the PSPA USW data acquired at the 600 ft., 700 ft. and 800 ft. intervals 







Figure 9.19. Cross-sections represent the variations in the elastic modulus (ksi) for 
asphalt (BM) for the PSPA USW data acquired at the 900 ft. and 1000 ft. intervals along 
the GPR traverses. 
 
 
The average elastic modulus along each GPR traverse, for the entire tested section 
pavement (2 in. to 7.2 in.), was calculated and plotted in Figure 9.20. The average elastic 
modulus of the pavement is statistically lowest in those areas where vehicles tires were 







Figure 9.20. Plot of the average elastic modulus (over a depth range of 3 to 11 in.) along 
each GPR traverse. The GPR traverses were spaced at 2 ft. intervals. The GPR traverse 1 
























A geophysical survey was conducted to compare the effectiveness of two non-
destructive geophysical tools, Ground Penetrating Radar (GPR) and the Ultrasonic 
Surface Wave (USW) in assessing the condition of four pavement sections. The GPR 
data were acquired using a single cart-mounted high-frequency (1.5 GHz) antenna 
operated in monostatic-mode along five traverses. As the GPR antenna was moved along 
a traverse across the pavement section, a short burst (GPR pulse; little more than one 
wavelength in duration) of band-limited electromagnetic radiation was emitted at 
predetermined distance intervals (48 scans per foot for 1.5 GHz antenna). While the 
Ultrasonic Surface Wave (USW) data was acquired using the portable seismic property 
analyzer (PSPA) tool at fifty-five locations of each site. This tool is an automated 
ultrasonic seismic tool that is used to measure pavement thickness and elastic modulus 
and locate the presence of flaws in pavements. The equipment is made of the high-
frequency acoustic source and a pair of vertically polarized receivers assembled into the 
unit to perform and analyze seismic tests in the field on-the-fly. Whenever high-
frequency waves are propagated into the pavement by the acoustic source, ultrasonic 
surface waves (Raleigh waves) and compressional waves are generated. The data can be 
transformed and used to produce a plot of the change in the elastic modulus beneath the 
test location with depth. 
The ground penetrating radar and the ultrasonic surface wave demonstrated that 
these tools are an effective tool for assessing the pavement conditions. However, the 





amplitude of the reflections from the pavement layers and variations in the apparent 
thickness of the pavement layers. Also, these tools are effective tools for identifying the 
areas where the shallow bituminous mix (BM) and/or portland cement concrete (PCC) 
are deteriorated. 
In the first case study “US 63”, the analysis of the acquired GPR data and the 
core samples that were collected throughout the site were reasonable and correlated well 
in estimating pavement layer thickness to within +3% accuracy, except at the location of 
core 6. On the proper condition of this site, there were three core samples that showed an 
indication of debond in the interfaces between BM/PCC. However, on the GPR profiles, 
the interfaces between BM/PCC can be clearly differentiated, although it did not show 
any indication of debond on the locations of the three core samples that already appeared 
with debond between the interfaces of BM/PCC. In contrast, the analysis of USW data 
showed that the elastic modulus of the BM, immediately above the BM/PCC contact, is 
slightly lower where the BM and PCC are debonded on the same core samples. Also, the 
apparent elastic modulus of the PCC is noticeably low where the PCC is chemically and 
physically degraded. Additionally, the average elastic modulus of the pavement is 
statistically lowest in those areas where vehicles tires are most commonly in contact with 
the roadway (2 ft. and 8 ft. from the outer edge of pavement). Therefore, both the GPR 
and PSPA USW tools were considered to be useful for determining pavement thickness 
and detecting debonded interfaces and degraded PCC under BM overlay. 
In the “US 54” case study, based on the analysis of the acquired GPR data and 
core samples collected throughout the site, stripping and debonding were present and 





on the locations of four core samples and that were correlated well with the core samples. 
The generated apparent depth and amplitude maps indicated the overall poor condition of 
the pavement. Hence, the GPR tool was considered to be an appropriate tool in detecting 
areas where there was stripping/debonding and mapping the base of the BM. Whereas, 
the USW showed the average elastic modulus for the four core samples that showed 
stripping and debonding. In addition, the GPR traverse for the entire tested section 
pavement (2 in. to 7.2 in.), is statistically lowest in those areas where vehicles tires were 
most commonly in contact with the roadway. 
In the case study “MO 179”, all core samples showed stripping and debonding. In 
contrast, the visual assessment of the individual GPR profiles on the locations of the ten 
core samples indicated areas where there were stripping and debonding on the interfaces 
between the BM layers. The generated apparent depth and amplitude maps indicated 
overall poor to fair conditions of the pavement. That was why the presence of stripping 
and debonding in some areas could be confidently identified, most readily, based upon 
the visual assessment of individual GPR profiles. From the USW, the tested section of 
BM (2 in. to approximately 7.2 in.) was mostly characterized by low elastic modulus 
values, indicating most of the tested section of the BM paved roadway was of poor 
quality or severely deteriorated. Therefore, both techniques gave results suggesting the 
tool was useful for assessing the conditions of BM. 
In case study “HWY U”, based upon the visual assessment of HWY U pavement 
section and the core samples that described to be stripped, the condition of this section 
was of poor quality BM road. There was a poor correlation between apparent thicknesses 





in BM thickness and condition and due to the partial recovery of the cores. All core 
samples showed indication of stripping and debonding that can be clearly seen based 
upon the visual assessment of individual GPR profiles. The USW results indicated that 
the tested section of BM (2 in. to approximately 7 in.) was characterized by elastic 
modulus values below 2000 ksi (mostly below 1000 ksi) and that indicating the BM is 
severely deteriorated. The PSPA USW elastic modulus is consistent with core control. 
Also, the average elastic modulus along each GPR traverse for the entire tested section 
pavement (2 in. to 7.2 in.) was statistically lowest in those areas where vehicles tires were 





















Ground penetrating radar (GPR) and ultrasonic surface wave (USW) surveys were 
conducted to compare the effectiveness of two non-destructive geophysical tools in 
assessing the condition of four sections of pavements, containing various construction 
materials. The sites include section US 63 about three miles north of Rolla, US 54 in 
Camdenton County, MO 179 in Jefferson City, and HWY U in Dent County. Core 
samples were collected to constrain the interpretation of the acquired geophysical data. 
Based on the analyzed data of the acquired GPR and the PSPA, the data of both 
tools correlate reasonably well. The GPR technique successfully measured the thickness 
of pavement and detected horizontal flaws (e.g. debonding and delaminations) within the 
pavement. Likewise, The PSPA technique successfully measured the elastic modulus and 
the thickness of pavement and detected horizontal flaws (e.g. debonding and 
delaminations). The research demonstrated that both non-destructive geophysical tools 
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